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INTRODUCTION 
Drosophila melanogaster: An Excellent System to Address the 
Fundamental Questions of Animal Development 
In multicellular animals, a complex, strictly organized pattern of cell 
determination and tissue differentiation begins with single cell. This 
cell undergoes a complex process of mitotic division and cell specializa­
tion that produces all the different cell types in the organism, and 
produces them at precise locations and times in the developing body. 
In a landmark book titled; The Cell in Development and Heredity, first 
published in 1896, Edmund B. Wilson posed a series of fundamental 
questions about this process of eukaryotic developmental that were 
phrased in terms of the control of cell fate. The questions were: 1) How 
do cells become determined to have a single developmental fate? 2) 
How do cells regulate the physical expression of cell determination? 3) 
How do the genes in the maternal genome control development in the 
embryo? 4) How are cell determination and differentiation coordinated 
in space and time to generate biological patterns? The fruit fly, 
Drosophila melanogaster has been an excellent experimental system in 
order to answer these questions. First, it has a small size and a short 
life cycle which is a particular advantage for the study of genetics, since 
large numbers of individuals can be screened easily. Second, although 
the Drosophila genome is relatively simple, it shows a complex 
developmental program and so is favorable for the molecular genetic 
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approach of development. Third, many essential techniques of 
experimental embryology are available for a small animal, including cell 
culture, nuclear transplantation, and an easy way to produce transgenic 
animals. Fourth, perhaps the best reason is the availability of elaborate 
genetic analytical techniques (Schneiderman and Bryant, 1971; Wilkins, 
1986). This system was initially developed by T.H. Morgan and his 
students beginning in 1909, and Morgan later suggested that develop­
ment is controlled by differential gene action. The genetic analytical 
techniques provide an opportunity for the study of genetic control in 
development that is not possible in most other animal systems. In this 
thesis, genetic and developmental approaches were used to understand 
the role of one gene in development, and to demonstrate that this gene 
regulates the expression of the genes involved in cell determination. 
Developmental Genetics of Pattern Formation in Drosophila 
A germline stem cell becomes a mature oocyte after going through 
several cell divisions and oogenesis stages. After fertilization, a zygotic 
nucleus undergoes a series of rapid nuclear divisions within the interior 
of the egg. After five divisions the nuclei begin to migrate towards the 
outer cytoplasm (called cortical cytoplasm) of the egg. After the ninth 
division the nuclei reach the cortical cytoplasm and five cells form at 
the posterior pole of the egg that give rise to the pole cells, the 
progenitor cells of the germline. This embryo is now called a syncytial 
blastoderm. Another four nuclear divisions of syncytial blastoderm 
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occur in the cortical cytoplasm. After cycle 13, around three hours of 
development, the syncytial monolayer is converted into a cellular 
monolayer as cell membranes grow down and around the nuclei, and 
the embryos are now in the cellular blastoderm stage. Few zygotic 
genes are first expressed in the syncytial blastoderm, but during 
cellular blastoderm many zygotic genes become activated. Gastrulation 
begins soon after cellularization is complete. To become a larva, the 
embryo then undergoes a series of developmental process including the 
invagination of the mesoderm through the ventral furrow, midgut 
invagination, germ band extension and shortening, head involution, 
dorsal closure, and condensation of the central nervous system 
(Fullilove et al., 1978; Wieschaus and Nusslein-Volhard, 1986). In order 
to understand early embryonic development, it is essential to find the 
genes involved in development. To identify genes involved in embryo­
nic development, an extensive mutational analysis has been undertaken 
by many experimental groups and some mutants have been collected 
since the beginning of this century (Nusslein-Volhard et al., 1984; 
Jurgens et al., 1985; Wieschaus et al., 1984). 
The specification of body pattern in Drosophila has been well 
investigated by elaborate genetic and molecular studies (reviewed by 
Akam, 1987; Ingham, 1988; St. Johnson and Nusslein-Volhard, 1992). 
Several groups of genes are involved in the determination of cell types 
and in the organization of the cells into a body pattern. These genes 
consist of three classes, forming a genetic hierarchy: (1) the maternal 
coordinate genes, (2) the segmentation genes, and (3) the homeotic 
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genes. During early development, embryos assign positional informa­
tion to their parts, a process that is initiated by the products of the 
maternal coordinate genes. The maternal coordinate genes are active 
during oogenesis and their products help establish two body axes, the 
anterior-posterior (A/P) and the dorsal-ventral (D/V) (St. Johnston and 
Nusslein-Volhard 1992). The process of segmentation in Drosophila is 
controlled by a set of genes called the segmentation genes (Nusslein-
Volhard and Wieschaus, 1980). The segmentation genes include the gap 
genes, pair-rule genes, and segment polarity genes. The gap genes are 
first zygotically expressed in the syncitial blastoderm responding to the 
positional information set by the maternal effect genes. The differential 
expression of the gap genes regionalize the embryos into three primor­
dial domains. The information inherent in these domains results in 
position-specific regulation of the pair-rule genes that narrow the gap 
gene domains into the fifteen primordia which are called parasegments, 
metameric units that are out of phase with segments but coincident 
with the developmental units of activity and function of the homeotic 
genes. A segment and a parasegment consist of an anterior and a 
posterior compartments that are defined as areas of the developing or 
mature fly that is constructed by all the descendants of a founding set 
of cells. The anterior and posterior compartment of each parasegment 
correspond to the posterior of a segment and the anterior of next 
segment. The segment polarity genes specify the anterior-posterior 
orientation within each segment (Nusslein-Volhard and Wieschaus, 
1980; Nusslein-Volhard et al., 1987). For example, en is expressed in 
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the posterior compartment of each segment, specifying the region. The 
action of each class occurs as a cascade of dependent events and taken 
together specify the proper number of segments in Drosophila body. 
These positional information systems allow the selective expression of 
the homeotic genes of the Antennapedia and Bithorax complexes, which 
determine the identity of each individual segment, and serve to give 
each segment its final form by activating the appropriate realisator 
genes (Garcia-Bellido, 1977; Lewis, 1978). 
Homeobox Genes as Keys to Understanding 
Development of Living Organism 
The homeotic genes of Drosophila are required for proper segmental 
identity. Mutations in homeotic genes cause the transformation of one 
structure of the body into a homologous structure from another body 
segment (Lewis, 1978). Homeosis (originally spelled homoeosis) was 
the term invented to explain this phenomenon. Most of the homeotic 
loci reside within one of two main clusters in the Drosophila genome: 
the Bithorax complex (BX-C) (Sanchez-Herrero et al., 1985; Duncan, 
1987) and the Antennapedia complex (ANT-C) (Kaufman et al., 1980; 
Kaufman et al., 1990). The BX-C has three lethal complementation 
groups, Ultrabithorax (Ubx), abdominal-A (abd-A) and Abdominal-B 
(Abd-B), which are mainly required for specification of segmental 
identities in the posterior thorax and in all abdominal segments. In 
contrast, ANT-C consists of five lethal complementation groups: labial 
6 
{lab), proboscipedia (pb), Deformed (Dfd), Sex combs reduced (Scr), and 
Antennapedia (Antp). The lab,pb, and Dfd genes function in specifying 
the identity of head segments, whereas Scr and Antp contribute 
anterior thoracic identity functions. These homeotic genes have been 
previously proposed as the "selector" genes, which are thought to 
control the segmental identity by the transregulation of target genes, 
called "realisator" genes (Garcia-Bellido, 1977). 
The homeotic genes share a highly conserved 180 bp sequence 
which is called the homeobox. This sequence was originally found from 
the 3' exons of Antp,ftz, and Ubx (McGinnis et al., 1984a; Scott, 1984). 
Using the homeoboxes as probes, other homeotic genes were discovered 
in Drosophila (Regulski et al., 1985). A protein domain encoded by the 
homeobox sequence is called a homeodomain. The homeodomain 
contains sequence-specific DNA binding activity and many homeodo­
main proteins function as transcriptional regulators (Levine and Hoey, 
1988; Scott et al., 1989). Through nuclear magnetic resonance and 
crystallographic studies, homeodomain proteins have been shown to 
have a helix-turn-helix motif similar to that of prokaryotic DNA-binding 
proteins (Otting et al., 1990; Kissinger et al., 1990). 
Soon after the homeobox of Drosophila homeotic genes was disco­
vered, many homeobox genes were found in a wide range of eukaryotic 
animals including Xenopus (Ruiz i Altaba and Melton, 1989), chicken 
(Rangini et al., 1989), mouse (Singh et al., 1991), and human (Acampora 
et al., 1989). They are not limited to just metameric animals because 
they were found in a nonsegmental animal, Caenorhabditis elegans 
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(Kenyon and Wang, 1991). The homeotic genes are also found in plants, 
i.e. Arabidopsis (Drews et al., 1991). Drosophila HOM-C (Antp class 
homeodomain proteins) and vertebrate Hox genes are in the same 
relative chromosomal order. Both HOM-C and Hox genes show the same 
relative boundaries of expression along the anterior and posterior axis 
of the embryo. This physical and functional conservation during 
evolution implies that the role of the homeotic genes during develop­
ment must be very important. 
The expression of homeotic genes can be detected at the extended 
germ band stage, and is limited by the parasegmental (PS) pattern. Ubx 
is first detected in the epidermal cell nuclei. The Ubx gene shows the 
strongest expression in PS6 (posterior compartment of third thoracic 
segment, T3p and anterior compartment of first abdominal segment, 
Ala), shows small amounts in PS5 and PS 13, and gradually decreasing 
amounts in PS7 through 13 (Alp through A8a). When the dorsal 
closure begins Ubx is more heavily expressed in the central nervous 
system than in the epidermis (Beachy et al., 1985; Carroll et al., 1988) 
In the visceral mesoderm, its expression can be seen in PS7 (Bienz and 
Tremml, 1988). Scr protein can be initially detected in PS2 and then it 
appears in PS3. At later stages it labels the labial (head) and first 
thoracic segment (Carroll et al., 1988). Antp protein is detected in the 
epidermis in PS4-5. In the CNS Antp is strongest in PS4-5 and is 
detectable in PS3-13 (Carroll et al., 1986). The normal expression of 
abd-A and Abd-B have been well described (Karch et al., 1990; Celniker 
et al., 1989). abd-A protein is seen at the anterior edge of PS7 through 
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13 and Abd-B protein is detected in PSIO through 13. In mutation 
analysis, their domains of action of all homeotic genes are coincident 
with the domains of expression. For example, Ubx null mutations 
transform PS5 and 6 into copies of PS4 (Lewis, 1978; Struhl, 1984) and 
also have subtle phenotypic effects in PS7 to PS 13, where Ubx identifies 
abdominal segments in concert with the products of the abd-A and 
Abd-B (Sanchez-Herrero et al., 1985; Struhl and White, 1985). 
An important question is how the different ANT-C and BX-C genes 
come to function in primarily nonoverlapping domains along the body 
axis of the fly. There are four genetic mechanisms involved in spatial 
regulation of the homeotic genes. First, the expression of homeotic 
genes is established by the zygotic segmentation genes (Akam, 1987; 
Ingham, 1988) as mentioned above. Second, cross-regulatory interac­
tions among the homeotic genes result in the spatially complex patterns 
of homeotic gene expression (Struhl and White, 1985). The level of 
Antp transcripts are regulated by the Bithorax complex genes (Hafen et 
al., 1984), and Ubx is also apparently regulated by the activities of the 
abd-A and Abd-B gene functions (Struhl and White, 1985). Third, the 
trx group of genes include mutants that mimic loss-of function ANT-C 
and BX-C mutants (Castelli-Gair and Garcia-Bellido, 1990; Kennison, 
1993), suggesting these genes act as positive regulators of ANT-C and 
BX-C genes. Fourth, the Polycomb (Pc) group of genes cause homeotic 
transformations similar to those caused by the dominant mutations in 
the homeotic genes (Lewis, 1978; Duncan and Lewis, 1982) suggesting 
these genes act as negative regulators of ANT-C and BX-C genes. One of 
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main points of this thesis is to investigate how the Pc group genes 
spatially regulate the expression of the homeotic genes. 
The Poly comb Group of Genes: Spatial Regulators of Expression 
of the BX-C and ANT-C Genes 
Polycomb is one of the most extensively analyzed of the regulatory 
genes that are required for proper expression of the ANT-C and BX-C 
(Lewis, 1947; Denell, 1978; Lewis, 1978; Duncan and Lewis, 1982; Paro 
and Hogness, 1991; Zink et al., 1991). Polycomb was discovered by 
Lewis (1947) and the Pr locus maps within 78E (Duncan and Lewis, 
1982). Adults heterozygous for any Pc mutant allele have extra sex-
combs on the second and third pairs of legs in males, indicating that the 
second and third legs have been partially transformed to first leg. 
Hannah-Alava (1958) found abnormal wing and bristle morphology, 
indicating that Pc mutants show pleiotropic effects. Denell (1978) 
reported that individuals heterozygous for a deficiency that includes the 
Pc locus display partial transformation of legs, indicating that Pc mu­
tants cause their effects by reducing the amount of f gene product. 
Embryos heterozygous or hemizygous for Pc mutants show segmen­
tal transformation of thoracic and the first seven abdominal segments to 
eighth abdominal segment (Lewis, 1978). Through this observation, 
Lewis drew the conclusion that Pc acts as a negative regulator of the 
BX-C. Duncan and Lewis (1982) have assumed that the segmental 
transformations shown in Pc embryos result from indiscriminate 
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expression in anterior segment primordia of BX-C loci that are normally 
expressed only in posterior regions. After Pc mutations were 
discovered other mutants with similar phenotypes were discovered, 
showing homeotic transformations similar to those caused by gain of 
function mutations in the BX-C genes, which is a consequence of the 
ectopic expression of the homeotic genes. These genes were named the 
Polycomb group of genes. The name of the group was derived from one 
of the most obvious phenotypes, the presence of sex combs on the 
second and third legs of adult males, which presumably reflects ectopic 
expression of Scr in meso- and metathoracic imaginai discs (Struhl, 
1982). Although genetic analysis suggests that there are as many as 40 
members in this group, so far, only twelve loci have been identified. 
Most Pc group mutants were identified on the basis of the extra sex 
combs trait in adult male flies, while some of them were isolated for 
their embryonic head defect phenotypes. The Pc group genes include: 
Pc (Lewis, 1978), esc (Struhl, 1981), polyhomeotic (ph) (Dura et al., 
1985), Polycombeotic (pco) (also called E(z), Shearn et al., 1978; Jones 
and Gelbart, 1990), Poly comblike (Pel) (Duncan, 1982; Sato et al., 1984), 
super sex combs (sxc) (Ingham, 1984), Posterior sex combs (Psc) 
(Jurgens, 1985; Adler et al., 1991; Brunk et al., 1991; ), Additional sex 
combs (Asx) (Jurgens, 1985; Sinclair et al., 1992), Sex comb on midleg 
(Scm) (Jurgens 1985), Sex combs extra (See) (Breen and Duncan 1986), 
pleiohomeotic (pho) (formerly called 1(4)29), Hochman et al., 1964; 
Gehring, 1970; Girton and Jeon, 1993). and possibly extradenticle (exd), 
based on its phenotype (Wieschaus et al., 1984; Peifer and Wieschaus, 
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1990). Unlike the BX-C and ANT-C genes, the Pc group of genes are not 
clustered in one place in the genome, but are scattered. 
The mutations of members of the Pc group of genes have many 
common phenotypes. First, all Pc group mutants show homeotic 
transformations similar to those seen in gain-of-function mutations in 
the BX-C and ANT-C. Second, in mutant individuals an increase in the 
dosage of the wild type BX-C and ANT-C genes enhances the severity of 
the homeotic transformations. Third, mutant effects of the Pc group 
genes are pleiotropic because they affect numerous structures. In 
embryos mutant for Pc group genes, head involution is abnormal and all 
segments are transformed into more posterior segments. In adults Pc 
group mutations cause partial transformations of mesothoracic and 
metathoracic legs into prothorax. Other homeotic transformations were 
also found: antenna into leg, abdominal segments into more posterior 
segments, and wing into haltere (Duncan and Lewis, 1982; Duncan, 
1982; Ingham, 1984; Dura et al., 1985; Jurgens, 1985). Fourth, mutations 
of Pc group genes have a maternal effect, with homozygous females 
producing embryos in which all segments show a partial or complete 
transformation to a more posterior segment (Denell, 1982; Struhl, 1981; 
Ingham, 1984; Breen and Duncan, 1986; Girton and Jeon, 1993). Fifth, 
mutant effects by each member are enhanced by other Pc group 
mutants (Jurgens, 1985; Adler et al., 1991). Double mutants or triple 
mutants showed much stronger homeotic transformations than each 
single mutant. Sixth, Pc group mutants cause ectopic expression of the 
BX-C and ANT-C genes (Struhl and Akam, 1985; Meckeon and Brock, 
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1991; Simon et al., 1992) and of en (Moazed and O'Farrell, 1992). 
Duncan and Lewis (1982) have assumed that the segmental transfor­
mations shown in Pc embryos result from indiscriminate expression in 
anterior segment primordia of BX-C loci that are normally expressed 
only in posterior regions. A major question that followed was whether 
product is required either in the initial process of choosing which 
homeotic genes become active in particular segments, or in maintaining 
the expressed pattern of homeotic genes such that they remain active or 
inactive for the remainder of development. 
This question was addressed by carefully examining another mutant, 
extra sex combs (esc), whose maternal effect mutations produce 
posteriorly directed transformations in the cuticle of thoracic and 
abdominal segments, similar to those seen in Pc zygotic mutants (Struhl, 
1981). This suggested that like f esc+ is required for proper repre­
ssion of both BX-C and ANT-C genes (Struhl, 1983; Carroll et al., 1986). 
Ubx expression was examined in esc maternal effect embryos (Struhl 
and Akam, 1985). Surprisingly, Ubx showed a normal pattern until 
about the germ band extended stage, a time the mature pattern of Ubx 
metameres is first found. However, from mid-embryogenesis Ubx 
began to be ectopically expressed in the anterior thoracic and head 
region. Based on these findings, Struhl and Akam (1985) claimed that 
the product does not function in the establishment of the proper 
patterns of expression of the homeotic genes, but rather in the process 
that makes the levels of their expression stable or heritable. Pc or esc 
mutants are supposed to alter cross-regulatory interactions between the 
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products of the homeotic genes, which causes the expression of the 
homeotic genes everywhere during mid-embryogenesis and sequen­
tially the transformation of all segments to A8 (Struhl and Akam, 1985; 
Struhl and White, 1985; Wedeen et al., 1986). Most of Pc group mutants 
tested showed the ectopic expression of the BX-C and ANT-C genes with 
some various strength (McKeon and Brock, 1991; Simon et al., 1992). Pc 
group mutants also cause the derepression of the en gene (Moazed and 
O'Farrell, 1991). However, they do not affect the early expression of en 
gene. This result supported the hypothesis that Pc group genes have a 
global role in stablizing the patterns of homeotic gene activity by 
repressing the activity of developmental selector genes in regions 
where they are not initially activated. 
Although individual members of the Pc group may have their unique 
effects not shared by other members, they seem to act together in 
regulating homeotic genes. As Pc group genes are not integrated into 
the major genetic hierarchy of Drosophila development, a major 
question was how the spatial regulation of homeotic genes is achieved 
by Pc group proteins. Through the genetic interaction of Pc group 
mutants whose double or triple mutants strongly enhance homeotic 
transformation, Jurgens (1985) has proposed that the Pc group form a 
regulatory network and act synergistically in normal development to 
control the spatial expression of the homeotic genes. The dramatic 
synergistic effects by the Pc group mutants was also observed in the 
interaction of Psc with other Pc group genes, but in their specifics they 
depend on the character of the second Pc group gene (Ad 1er et al.. 
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1991). Pc is transcribed in unfertilized eggs and during all of 
Drosophila development, and its transcripts are uniformly distributed 
during embryogenesis (Paro and Hogness 1991). ph is also distributed 
uniformly along the anterior-posterior axis (Franke et al., 1992). So the 
spatial regulation of homeotic genes by Pc or ph is not due to restricted 
distribution of their transcripts. 
So, the question was again how the Pc group spatially regulates the 
expression pattern of the homeotic genes. Modifiers of position effect 
variegation have been systematically identified using deficiencies and 
duplications induced by P-element mutagenesis (Locke et al., 1988). A 
group of modifiers has been identified that are supposed to code for a 
structural protein component of heterochromatin and these modifiers 
are dosage-dependent. Locke et al. suggested that the Pc group proteins 
may form a complex and be involved in assembly of heterochromatin. 
This possibility was realized by finding that Pc protein is homologous to 
a heterochromatin-associated protein HPl encoded by the suppressor of 
position effect variegation gene Suiyar) 205 (Paro and Hogness, 1991). 
The highly conserved sequence is called "chromobox Using immuno-
staining procedure, Zink and Paro (1989) showed that the Pc protein 
binds to about 100 different sites along the polytene chromosomes of 
larval salivary glands. These sites include the BX-C and ANT-C sites 
that have genetically been known to interact with the Pc group gene. 
Another important question was whether Pc group directly interacts 
with the cis-acting elements of the homeotic genes or whether they 
exhibit their function through other trans-regulators of the homeotic 
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genes. The beta-galactosidase from two different Antp promoter (PI 
and P2)-lacZ fusion genes was ectopically expressed in embryos lacking 
a functional gene (Zink et al., 1991). The transformants containing 
an Antp promotor-lacZ construct showed new Pc binding sites. This 
clearly suggests that Pc protein regulates the expression of Antp by 
interacting with Antp cis-regulatory sequences in polytene chromo­
somes. It seems that there is no sequence-specific DNA binding oi Pc 
protein. The repressor function of Pc requires large cis-acting sequences 
of Antp, which are located downstream of promoters. This large 
regulatory region is not supposed to be under the influence of only one 
trans-acting factor. Multiple BX-C elements have also been found that 
mediate Pc group control, and these are called Pc group response 
elements (PREs). As each PRE is specialized for a particular para-
segment, Pc group products are not supposed to directly specify A-P 
boundaries of homeotic expression (Simon et al., 1993). Pc and ph 
protein were cofractionated as a complex and double immunostaining 
revealed that both proteins bind to exactly same spots on polytene 
chromosomes of larval salivary glands (Franke et al., 1992). Psc and 
suppressor 2 of zeste (Su(z)2) were recently shown to encode proteins 
homologous to the murine bmi-1 oncogene (Lohuizen et al., 1991; Brunk 
et al., 1991). Their products were also detected at more than 80 sites 
on polytene chromosomes (Rastelli et al., 1993). These associations of 
Psc and Su(z)2 with the chromosomes were destabilized in larvae of 
another Polycomb group mutant, E(z). So the proper binding of Psc and 
Su(z)2 requires the normal E(z) protein. These results suggest that Pc 
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group genes act in multimeric complexes to control spatial expression of 
the homeotic genes, which provide the stable transmission of a de­
termined state of the homeotic genes established by gap and pair-rule 
genes. The numerous binding sites for Pc group proteins on polytene 
chromosomes suggested that Pc group genes may regulate many other 
genes besides the homeotic genes and that their function might be as an 
activator of some of those target genes (Zink and Paro, 1989). A Pc-like 
chromobox gene was found in mouse using Pc chromobox as a probe 
(Pearce et al., 1992). Although it has not been investigated if the 
murine chromobox gene is a functional homolog of Pc, it seems to have a 
role similar to Pc. This .might suggest that the Drosophila memory 
models could be broadly applied to other species. 
These possible working mechanisms of Pc group genes were drawn 
from the molecular study of only a few genes. To better understand the 
roles of Pc group genes, molecular and genetic analyses should be done 
on the rest of the Pc group genes and some important questions should 
be answered. A very important question is when repression of the 
homeotic genes by Pc group proteins is set up. What is the nature of 
the multimeric complexes assembled by Pc group proteins? The 
repression does not seem to be cell or tissue specific because Pc 
products are uniformly distributed. One possibility is that Pc group 
proteins might shut off the gene expression before fertilization and 
positive regulators, i.e, trx group genes, destabilize the Pc complex 
suppressing the homeotic genes at the right time and in the appropriate 
domains (Locke et al., 1988). Another very important question is what 
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are the other functions of Pc group genes besides the regulation of the 
homeotic genes. Although there is a great similarity of Pc group mutant 
phenotypes, there are also differences between the Pc group mutants in 
strength and types of homeotic transformation phenotypes. Segmen­
tation defects have been observed in embryos derived from germ line 
clones homozygous for sxc- (Ingham, 1984), Pel' and pho' (Breen and 
Duncan 1986), and in Axd zygotic mutant embryos (Sinclair et al., 
1992). ph is needed for growth of ventral epidermis and axonal 
outgrowth (Dura et al., 1987; Smouse et al., 1988). These results suggest 
that some of Pc group genes are involved in more general roles in 
development. If we can better understand the roles of the maternal Pc 
products which have been poorly studied, we might get some answers 
to these big questions. 
The pleiohomeotic Gene, One of the Pc Group Genes: 
Its History and Working Questions 
pleiohomeotic mutations were originally discovered by Hochman in 
1964 when he was systematically searching for lethal mutations on the 
4th chromosome, pho was initially referred to as 1(4)29 but renamed 
pleiohomeotic (Shearn, 1989). There are 4 known alleles, pho^ and 
pho^ (Hochman, 1964), pho^ (Duncan, 1982), and pho^^ (Girton and 
Jeon, 1993). pho^ and pho^ occurred spontaneously in wild popula­
tions. Using the pho^ allele, Gehring (1970) made a preliminary 
examination of the adult phenotypes. pho^ homozygotes are pupal-
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lethal, showing homeotic transformations. He found two kinds of 
homeotic transformations; 1) First and second antennal segments are 
transformed into leg structures with proximal antennal structures being 
transformed into proximal leg structures. 2) second and third legs are 
partially transformed into first legs because in the male second and 
third legs bear sex combs and show transverse rows of bristles which 
are characteristic of first leg. By examination of a pho^ amorphic allele 
or a new spontaneous hypomorphic allele pho^, Duncan (1982) has 
shown that pho mutants also cause posteriorly directed transformations 
of the abdominal segments and, in females, transformation of parovaria 
into spermathecae. He also recognized that in pho mutants only 
proximal antennal segments are transformed into leg and the develop­
ment of the dorsal prothorax is suppressed, effects that have not been 
found in animals mutant for Pc or Pel. 
Adult pho phenotypes were further analyzed by Girton and Jeon 
(1993). Using individuals with a strong pho phenotype the previous 
results were confirmed and several novel phenotypes were discovered. 
One of the novel phenotypes was the partial absence of a claw and the 
presence of a sixth tarsal segment in adults. The spatial localization of 
pho effects in imaginai discs was examined by plotting the location and 
extent of several adult effects (antennal transformation, tibial pattern, 
and mesothoracic transformation to metathorax) on a fate map of a leg 
disc. These effects are localized in the upper medial portion of the disc, 
and show a striking correlation with the organization of positional 
information as proposed by the polar coordinate model (Bryant et al., 
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1980; Bryant, 1993). 
As embryos produced by females heterozygous for pho alleles have 
normal embryonic morphology, the technique of pole cell transfor­
mation was used to generate mothers that have functional germ lines 
that are hemizygous or homozygous for the spontaneous alleles, pho^ 
and pho^ (Breen and Duncan, 1986). These females were crossed to 
Df(4.)GI+ males. A small fraction of the homozygous embryos (less than 
one percent) survived to the cuticle formation stage, but in these Breen 
and Duncan (1986) observed abnormal head involution, defects in 
segmentation, and weak homeotic transformations. Because of the 
severity of the effects, the patterns of segment defect and homeotic 
transformation could not be examined. This experiment suggested that 
pho has a very strong maternal effect. The expression of homeotic 
genes has been examined in pho zygotic mutant embryos. Scr, Antp, 
and Ubx were not ectopically expressed (McKeon and Brock, 1991), 
whereas abd-A and Abd-B showed weak ectopic expression (Simon et 
al. 1991). This is quite different from other Pc group mutants that show 
strong ectopic expression of the homeotic genes, en also showed weak 
ectopic expression in pho zygotic mutant embryos (Moazed and 
O'Farrell, 1992). These weak ectopic expressions of homeotic genes and 
en might be due to the strong maternal effect. To determine this a pho 
allele showing maternal effects was needed. 
Pc group genes have been found to interact synergisticaily with each 
other (Jorgen, 1985). Double and triple mutants displayed much 
stronger homeotic transformation than each single mutant. Interaction 
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of phoi^ with Psc and E(Pc) has been examined. In E(Pc) and pho double 
mutants, head involution was abnormal, but homeotic transformation 
has not been found (Sato et al., 1984). Embryos from heterozygous 
E(Pc) or pho parents have normal head morphology. Embryos doubly 
mutant for Psc and pho did not show as severe a phenotype as do other 
double mutant embryos (Adler et al., 1991). In this double mutant 
homeotic transformation was weakly enhanced and cell death was 
observed in the head region. We suppose that as maternal pho products 
nearly satisfy requirement for early development, weak phenotypes 
appear in the double mutant. To better understand the interaction of 
pho with other Pc group genes, a dominant or a homozygous viable and 
fertile allele is required. Recently the pho^^ mutant allele was re­
covered from the pho^ allele (Girton and Jeon, 1993). pho^ homozygotes 
die as embryos, but pho^lDf(4)38 individuals survive and show a weak 
pho phenotype. The lethality of the pho^ homozygotes was therefore 
supposed to be due to a second mutation on the pho^ chromosome. A 
homozygous viable pho allele ipho^^) was obtained from the progeny of 
pho^l+ individuals in a large scale, mass mating. Fortunately, pho^^ 
homozygotes were viable and fertile, and embryos produced by 
homozygous pho^^ adults showed maternal effects. 
Objectives of Research 
The goal of this research was to investigate the role of the 
pleiohomeotic gene in embryonic and adult development. A number of 
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questions have been addressed to understand the roles of pho gene. 1) 
What is the function of pho during maternal and zygotically directed 
development? 2) Does pho interact with the homeotic genes of the BX-C 
and/or ANT-C? 3) Does pho interact with other genes in the Polycomb 
group? 4) Does pho regulate segmentation genes? What is the 
molecular structure of phol A series of experiments were planned to 
answer these and other questions about pho. 
1. The role of pho was investigated by examining the phenotypic 
effects of hypomorphic and amorphic mutant alleles on embryonic and 
adult development. The mutant effects were measured in morpho­
logical analyses of embryonic and adult cuticular structures and in 
immunocytochemical analyses of the embryonic central nervous system. 
Both maternal effects and zygotic effects of pho mutations were 
defined in these experiments. Our aim was to deduce the role of the 
pho normal function from the details of the mutant phenotypes. 
2. Possible interactions of pho with the genes in the BX-C and ANT-C 
were determined by examining the phenotypes of double mutant 
individuals and the expression of the homeotic genes in pho maternal 
effect embryos. Our aim was to determine whether pho has a 
conventional role of negative regulation of homeotic genes as seen in 
other Pc group mutants. 
3. Possible interactions between pho and other Pc group genes were 
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determined by examining the phenotypes of double mutant individuals 
in adults, which have never been examined for the interactions of Pc 
group mutants, as well as in embryos. Our aim was to determine the 
nature of the interaction of pho with the Pc group genes. 
4. Possible interactions between pho and some segmentation genes were 
investigated using immunocytochemical methods because preliminary 
results showed that pho causes segment defects. Our aim was to better 
understand the roles of maternal pho products. 
5. EMS and P-element mutagenesis were attempted to find new pho 
alleles. As it was not easy to find the break points of conventional 
chromosomal aberrations and as chromosomal walking is impractical in 
the 4th chromosome, P-element mutagenesis was used as an initial step 
in an attempt to clone the pho gene. 
Organization of Paper Presentation 
This thesis contains four papers. The styles of each paper follows 
the format of the journal to which it is submitted. The papers are 
followed by a general summary. The references cited in the general 
introduction are listed following the general summary. 
The first paper consists of two main parts. One part is the 
characterization of adult phenotypes of pho mutants. The other part is 
the characterization of embryonic phenotypes of pho mutants, which is 
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my contribution. This paper has been accepted by Developmental 
Biology. 
The second paper presents some embryonic pho phenotypes and the 
interaction of pho with other Polycomb group genes. This work we 
shows that pho may participate in Polycomb group protein complex. 
The third paper presents evidence that pho interacts pho with the 
homeotic genes. This evidence suggests a possible role for the 
pleiohomeotic gene product during Drosophila development. The 
abnormal expression of segmentation genes in pho^^ maternal effect 
mutant embryos suggests that pho is required for the early 
developmental events lhat establish the body segmentation pattern. 
The fourth paper deals with the discovery of a new allele of pho and 
a new mutant showing Pc group homeotic transformations. The work is 
at early stage, and more investigation will be required to publish this 
paper. 
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PAPER I: NOVEL EMBRYONIC AND ADULT HOMEOTIC 
PHENOTYPES ARE PRODUCED BY PLEIOHOMEOTIC 
MUTATIONS IN DROSOPHILA 
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Novel Embryonic and Adult Homeotic Phenotypes are 
Produced  by  ple iohomeot ic  Mutat ions  in  Drosophi la  
By 
Jack R. Girton and Sang Hak Jeon 
Department of Zoology and Genetics 
Iowa State University 
This paper consists of two main parts and is published (Girton, J R. and 
Jeon, S.H. Dev. Biol, (in press)). The first part is the characterization of 
adult phenotypes in pho mutants. The second part, which is my 
contribution, is the characterization of embryonic phenotypes in the 
same mutants. 
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ABSTRACT 
We have investigated the effects of mutations of the pleiohomeotic 
(pho) locus (formerly called 1(4)29) on embryonic and adult 
development of Drosophila melanogaster. The normal function of pho is 
vital for pattern formation during embryonic and adult development. 
The hypomorphic, adult viable pho^^ allele produces maternal effect 
embryonic lethality, and the lethal embryos show homeotic 
transformations of head, thoracic, and abdominal segments, and 
abnormal development of the central and peripheral nervous systems. 
Hypomorphic and amorphic pho alleles are recessive lethals with the 
lethal individuals showing partial homeotic transformations of 
antennae, legs, abdominal segments, and internal structures. In 
addition, pho mutations produce pattern abnormalities in the legs and a 
novel sixth tarsal segment phenotype. The pho adult phenotypic effects 
are restricted to discrete spatial regions of the imaginai discs. In leg 
discs these effects are localized in the upper medial quarter of the discs, 
and show a striking correlation with the organization of positional 
information as proposed by the polar coordinate model 
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INTRODUCTION 
The development of segmental identity in Drosophila depends on 
the proper spatial and temporal expression of a number of genes, 
including the members of the Polycomb (Pc) group. Mutations of Pc 
group genes produce a series of similar homeotic transformation 
phenotypes (Lewis, 1978; Struhl, 1981; Duncan, 1982; Duncan and 
Lewis, 1982; Ingham, 1983, 1984; Denell and Fredrick, 1983; Sato et al., 
1984; Sato and Denell, 1985; Dura et al., 1985; Jurgens, 1985; Breen and 
Duncan, 1986; Moazed and O'Farrell, 1992). The group gets its name 
from one of these phenotypes, the appearance of sex combs on the 
mesothoracic and metathoracic legs of adult males. The Pc group 
phenotypes include maternal effects, embryonic transformation of 
segments into more posterior segments, and adult transformations of 
head, thorax, abdomen and internal structures "such as spermathecia. To 
be classified as a member of the Pc group mutant alleles of a gene must 
produce some, but not all of these phenotypic effects. There are 
currently eleven genes in the Pc group (Adler et al., 1991), although the 
number of potential genes may be as high as 40 (Jurgens, 1985). 
Several hypotheses have been presented about the role of the Pc group 
genes in Drosophila development. Because the phenotypes of mutations 
of Pc group genes resemble those of certain alleles of the BXC and ANTC, 
it was originally proposed that Pc genes were regulators of BXC and 
ANTC genes (Lewis, 1978; Struhl, 1981, 1983; Duncan, 1982; Ingham, 
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1984). This hypothesis is supported by evidence that production of the 
P o l y c o m b  m u t a n t  p h e n o t y p e  d e p e n d s  o n  p r o p e r  f u n c t i o n  o f  t h e  B X C  
genes (Ingham, 1984; Dura et al.y 1985). In addition, the BXC and ANTC 
genes were found to be ectopically expressed in individuals with some 
Pc group mutations (Struhl, 1981; Ingham, 1983). In systematic 
analyses of several Pc group genes, many were found to affect the 
distribution of Ubx, AbdA, AbdB, Antp, and Scr proteins in embryos 
(McKeon and Brock, 1991, Simon et al., 1992). One, esc, affects the 
expression of the engrailed locus (Moazed and O'Farrell, 1992). These 
results suggest that these genes act as negative regulators of BXC, and 
other genes that regulate pattern formation and cell determination 
during embryonic (Struhl, 1981; Ingham, 1983) and adult development 
(Busturia and Morata, 1989; Glicksman and Brower, 1988; Moazed and 
O'Farrell, 1992). 
The protein product of Pc binds to salivary gland polytene 
chromosomes at numerous sites, including homeotic and Pc group loci 
(Zink and Paro, 1989; Paro, 1990). This binding, and the similarity of a 
domain in Pc io Su(var)205, a gene that binds to chromatin (Paro and 
Hogness, 1991), has suggested that Pc group genes may regulate 
chromatin configuration, and that Pc mutations may cause permanent 
repression of genes by altering chromatin structure (Locke et al., 1988, 
Paro, 1990; Gaunt and Singh, 1990). Analysis of the sequence of Psc 
indicates it contains a zinc finger domain, supporting the possibility that 
at least some Pc group genes function as DNA binding proteins (Brunk et 
al., 1991; van Lohuizen et al., 1991). Jurgens (1985) has suggested that 
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the Pc group is a regulatory network that controls the spatial 
distribution of homeotic gene expression. As such, the function of the Pc 
group genes might involve cell-cell communication of spatial signals or 
positional information. This hypothesis is supported by the observation 
that somatic cell clones of ph cells induce pattern abnormalities, 
including altered polarity of neighboring cells and wing triplications 
(Santamaria et al., 1989). These abnormalities also resemble those 
produced by cell-lethal mutations (Girton and Bryant, 1980; Girton 
1981, 1982), suggesting that ph may be inducing cell death. There is a 
great deal that we do not know about the Pc group genes. 
A complete understanding of the function of the Pc group genes 
will require detailed genetic and molecular analyses of a number of Fc 
group genes. We have begun an investigation of one such gene: 
pleiohomeotic (pho), formerly known as 1(4)29. Mutant alleles of pho 
were first isolated as late pupal lethals, with mutant individuals dying 
as pharate adults (Hochman et al., 1964; Gehring, 1970; Hochman, 
1976). These pharate adults exhibit a number of phenotypes associated 
with Pc group genes including the appearance of sex combs on 
mesothoracic and metathoracic legs, transformation of thoracic 
segments, and effects on the expression of BXC and ANTC genes 
(Gehring, 1970; Duncan, 1982; Breen and Duncan, 1986; Adler et al., 
1991; McKeon and Brock, 1991; Simon et al., 1992). In addition, pole 
cell transplantation indicates that pho alleles have a maternal effect 
(Breen and Duncan, 1986). Previous studies of pho mutations have 
focused on comparing aspects of pho mutant phenotypes with other Pc 
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group mutations, and no systematic survey of the effects of p h o  
mutations on different stages of development has been made, nor have 
comparisons been made of the developmental effects of amorphic vs 
hypomorphic pho alleles. In this paper, we present the results of 
analyses of the phenotypes produced by different mutant alleles of pho, 
including abnormal embryonic and adult phenotypes produced by a 
maternal effect lethal allele, and adult phenotypes produced by 
hypomorphic and amorphic alleles. We have observed several novel 
phenotypic effects including maternal effect transformations of adult 
structures and adult transformations not produced by mutations of any 
other known homeotic locus. In addition, we observe that the adult 
effects of pho mutations are organized into characteristic spatial 
patterns in imaginai discs. This spatial organization is consistant with 
the hypothesis that the normal function of pho is involved in proper 
positional signalling in discs. Our analysis of the range of phenotypic 
effects produced by pho mutations suggests that the normal function of 
this gene is vital for embryonic and adult pattern formation. We 
conclude that the pleiohomeotic locus may have a complex role in 
embryonic and adult development. 
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MATERIALS AND METHODS 
Stocks and fly rearing 
All crosses were done and experimental individuals were reared 
in 1/4-pint glass bottles containing a standard cornmeal/yeast medium 
seeded with live yeast. Egg collections from the experimental crosses 
were taken at room temperature (23OC), and the eggs were transferred 
to controlled-temperature incubators maintained within 1/2°C of the 
stated temperature. The pho mutations used were originally isolated as 
fourth chromosome recessive lethals, with a lethal period late in pupal 
development (Hochman, 1976). A small deficiency, Df(4)38, which 
includes the pho locus (Lindsley and Zimm, 1992) was used to generate 
individuals hemizygous for the pho locus. The pho alleles and the 
deficiency were maintained in balanced stocks with fourth 
chromosomes marked with ey^ or ci^. Two alleles of pho (pho^ and 
pho^) were obtained for this study from Dr. R. Denell. Individuals 
homozygous for the pho^ allele die before the pharate adult stage, but 
pho^lDf(4)38 individuals survive and show a weak pho phenotype. 
This suggested that the lethality of the pho^ homozygotes might be due 
to a second mutation on the pho^ chromosome. An attempt was made to 
test this hypothesis by isolating recombinants from pho^h females in a 
large scale, mass mating. A chromosome was isolated that gave a 
homozygous viable pho phenotype. Because of the lack of fourth 
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chromosome flanking markers, it is impossible to determine whether 
this new chromosome contains a new, partial revertant of pho^ or 
contains pho^ separated from a second lethal mutation by 
recombination. The pho allele on this chromosome is referred to as 
pho^^ to distinguish it from the original pho^. The homozygous 
pho^/pho^ phenotype cannot be determined, but in heteroallelic 
combinations pho^ and pho^^ give very similar phenotypes. 
Confirmation that pho^ and pAoCv are the same allele will require 
molecular analysis. 
Analysis of embryonic effects 
In the analyses of embryonic phenotypes, eggs were collected 
from females with different pho genotypes at 6-12 hr intervals and 
incubated at 25° for an additional 22 - 24 hrs. Well developed embryos 
showing the formation of a pharyngeal skeleton were collected and 
transferred to double sided cellophane tape for manual dechorionation. 
Dechorionated embryos were mounted in a 1:1 mixture of Hoyer's 
mounting fluid and lactic acid (Struhl, 1989) or a 9:1 lactic acid and 95% 
ethanol mixture (Lewis, 1978) and were then incubated for at least 12 
hrs at either 65° (for the former) or 45° (for the latter). The latter 
procedure tends to form some granules in the prepared embryos and 
the preparations are more fragile. Embryos were devitellinized in these 
solutions on a glass slide by rupturing the vitelline membrane with a 
tungsten needle and sharpened forceps. The prepared embryos were 
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mounted under coverslips and examined by phase-contrast microscopy. 
The effects of pho mutant genotyeps on larval development were 
assayed in two series of experiments. The effects on the development 
of larval cuticule were determined by examining the cuticular 
structures (ventral denticle belts, sense organs, and dorsal cuticular 
hairs) in the thoracic and abdominal segments of embryos with 
different pho genotypes. The cuticular development of these 
individuals was compared the wild type cuticular pattern, which has 
has been described in detail by Lohs-Schardin et al. (1979), Turner and 
Mahowald (1979) and Denell and Frederick (1983) . In addition, 
immunochemical analysis was done to determine the effects of different 
pho genotypes on the developing larval nervous system. In these 
analyses, embryos were collected in 2 hr collections, were incubated at 
21 - 22°C for either 9 to 13 hrs or 13 to 15 hrs, and the embryos were 
then dechorinated, fixed, and prepared using standard techniques 
(Mitchison and Sedat, 1983; Rothberg et al., 1988). In the 
immunochemical analysis of the nervous system, a rabbit anti HRP 
primary antibody was used (Cappel) and a goat anti-rabbit HRP 
conjugated secondary antibody (Cappel) was used. Embryos were 
viewed using a Zeiss axioskop microscope with Nomarski optics. 
Analysis of adult effects 
In the analysis of the adult effects of different pho genotypes, 
experimental individuals with different pho genotypes were generated 
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by crossing and were collected as pharate adults after their non-pho 
siblings had eclosed. The pharate adults were examined under a low-
power dissecting microscope and pho individuals were selected and 
preserved in 70% ethanol. Individuals from all crosses were prepared 
for detailed examination by dissection from the pupal case and boiling 
in hot IN KOH for 5-10 minutes to remove inner body parts. An 
unselected sample of individuals from each egg collection batch was 
dehydrated in 100% ethanol, and the head, abdomen, and all six legs 
from each individual were mounted between glass coverslips in euparol. 
After mounting, each specimen was dried and flattened on a heated 
slide-warming tray under weights. Four different pho allelic 
combinations were generated: pho^lpho^, pho^lDf(4)38, pho^lpho^, 
and pho^lDf(4)38. The pho^ homozygotes and hemizygotes exhibited 
more extreme phenotypic effects. The pho^ hemizygotes exhibited 
lesser effects. 
Experimental individuals scored as adults were examined for the 
series of morphological markers listed in Table 1. For a further 
description of these markers, see Russell et al. (1977) and Girton and 
Russell (1980, 1981). Scoring was done at 200X-400X by using a Zeiss 
photomicroscope. The number of elements (bristles, sensillae etc.) 
present in each marker was recorded separately for each side of the fly. 
At least 20 flies (40 sides) were scored from each batch. For markers 
with multiple elements, the mean number of elements present was 
calculated. For markers with a single element, the frequency of 
appearance (mean number of sides in which the marker was present) 
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was calculated. The significance of differences between means from 
different batches was tested by using standard t tests. The mutant 
effects were generally the same in both males and females, but unless 
stated otherwise, all observations were made on males. 
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Table 1. Morphological markers scored in the adult 
Morphological Marker Label Recorded 
LEG MARKERS SCORED IN LEGS 
Tarsal segments SEG # of segments 
Ungues UN # of Ungues 
Unguitractor Apodeme AP # of Apodemes 
Tibial transverse rows TR # of rows 
Basitarsal anterior transverse rows BTR # of rows 
Sex comb SC # of bristles 
Second tarsal segment sex comb Sc2 # of bristles 
Central Bristle CB # of bristles 
ANTENNAL MARKERS 
First segment bristles AlB # of bristles 
Second segment bristles A2B # of bristles 
Second segment transverse row A2T # of bristles 
Third antennal segment sacculus SAC # present 
Basal cylinder BC # present 
Arista AR # present 
LEG MARKERS IN THE ANTENNA 
Sternoplural bristles SP # of bristles 
Group of 8 sensilla trichodea St8 # of sensillae 
Coxal bristles CBR # of bristles 
Group of 7 sensilla trichodea St7 # of sensillae 
Group of 6 sensilla trichodea St6 # of sensillae 
Group of 5 sensilla trichodea St5 # of sensillae 
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RESULTS 
The pho^^ allele has a maternal effect on embryonic and adult 
development 
To better define the role of pho in the maternal-controlled stages 
of development, we tested the adult-viable allele pho^^ for maternal 
effects. Reciprocal crosses were done in which females homozygous for 
pho^^ (pho^^Ipho^^) were mated to males homozygous for the wild 
type allele (+/+), and males homozygous for pho^^ were mated to wild 
type females. In addition, females homozygous for pho^^ were mated 
with heterozygous males (pho^'^h). Samples of the eggs laid by the 
females in each cross were collected, counted, and the embryos were 
examined for abnornalities in development. The p/iocv/p/j^cv females 
in all crosses laid a high frequency of unfertilized eggs (6490/8032 = 
80.1%) compared with the wild type females (36/510 = 7.1%). Among 
the fertilized eggs, those laid by pho^^lpho^^ females had a high 
frequency of developmental abnormalities and lethality, and only a 
small fraction survived to larval hatching (Table 2). Curiously, the 
frequency of survival to larval hatching was significantly greater 
(28.3%) for the females mated to +/+ males, than when the females were 
mated to pho^^!+ males (5.2%). These crosses were repeated several 
times with multiple batches of males and females, and this same result 
was always obtained. A small number of embryos from these crosses 
survived to the adult stage, and some of these males had small, darkly 
Table 2. The maternal effect of pho^^ and its rescue. 
Genotype of cross Total # Total # of Total # # of lethal progenies at # of % of hatched 
of eggs unfertilizd of the indicated stages eclosed larva to total # of 
eggs fertilized adult fertilized eggs® 
eggs 
male female embryos larvae pupae 
pho^ V V 2319 1859 460 447 13 0 0 2.8 
pho^ V O h o c v  
pho^^ phpC V 3382 2632 750 713 21 8 8 5.2 
+ pho^^ V 
phpC V 2331 1999 332 238 64 6 24b 28.3 
+ phoC V 
pho^^ ± 510 36 469 1 63 3 402 98.7 
pho^ V + 
a. The eggs were obtained from three different batches of adults and the number of hatched 
larvae was divided by the total number of fertilized eggs. 
b. Three males had the black patches in the fourth tergite, indicative of a partial transformation to 
fifth tergite. 
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pigmented patches of cuticle in the fourth abdominal segment. This 
phenotype is similar to the segment transformation phenotype seen in 
adults homozygous or hemizygous for pho alleles (discussed below). 
These males appear to be cases of the pho^^ maternal effect causing a 
partial transformation of the adult fourth segment into a more posterior 
segment. Our results confirm that pho^^ has a maternal effect, and 
that the maternal function of pho is vital for embryonic development. 
They also indicate that the maternal effect may persist into adult 
development, and that this maternal effect may be partially rescued by 
mating to a wild type male. 
The embryos produced by pho^^Ipho^^ females were examined 
and extensive cuticular and internal developmental abnormalities were 
found in head, thoracic, and abdominal segments. In the head, head 
involution is incomplete and extra copies of anterior segment structures 
appear. Some embryos have extra copies of anterior segments including 
labium. The extent to which this happens is variable, but the effects do 
not appear to be related to the overall degree of abnormalities in the 
thoracic segments. In the thoracic segments, the prothorax is quite 
abnormal. The denticle belt is broadened and has a shape resembling 
that of the denticle belt in the first abdominal segment. The denticle 
belt in the mesothoracic segment shows variable transformation, 
resembling the metathoracic belt in weakly transformed embryos and 
the first abdominal belt in strongly transformed embryos. In strongly 
transformed embryos both the mesothoracic and metathoracic denticle 
belts contain hooked denticles that are normally present in the 
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abdominal segments. In these embryos the thoracic segments resemble 
the first abdominal segment, but not more posterior segments. For 
example, the anterior row of denticles characteristic of abdominal 
segments 2 - 8 are not present. These results suggest the thoracic 
segments are transformed in a posterior direction, but not beyond the 
first abdominal segment. The cuticular morphology of the first through 
fifth abdominal segments appears relatively normal. The denticle belt 
of the first abdominal segment does not have the anterior-most fine 
denticle belt, characteristic of the more posterior segments, and the size, 
shape and composition of the denticle belts in the second through fifth 
segments appears normal. The denticle belts of the sixth and seventh 
segments resemble the eighth segment. Other characteristics of the 
eighth segment, such as the wart-like sensory organs, are present in the 
sixth and seventh segments as well. These results suggest that 
abdominal segments six and seven are transformed into eighth segment, 
but that more anterior abdominal segments are not. Some embryos die 
early and show gross pattern abnormalities. These include missing 
denticles in the thoracic and abdominal segments. The dorsal sides of 
the abnormal embryos produced by females homozygous for pho^^ 
were also examined. In these embryos the thoracic spinules are 
abnormal while the abdominal spinules are normal. These embryos 
have a reduced density of spinules in the posterior half of the 
mesothoracic and metathoracic segments, suggesting a possible dorsal 
transformation of mesothorax and metathorax into abdomen. In the 
prothorax, some spinules appear in the posterior half of the segment 
Figure 1. Light micrographs showing the ventral denticle belts of 
wild type and pho^^Ipho^^ embryos. After being 
dechorionated and devitellanized, the embryos were mounted 
in Hoyer's medium and lactic acid (1:1). Phase contrast optics, 
Zeiss objective (X25). (A) The ventral cuticle pattern of wild-
type larvae is characterized by thoracic and eight abdominal 
denticle belts that mark the anterior margins of each segment. 
Each segment has a morphologically unique pattern of denticles 
and sensory organs. (B) The pho embryos show abnormal 
head involution, partial transformation of thoracic segments to 
first abdominal. Ventral denticle belts in A6-A7 have the A8 
shape. Sensory organs (so) from A8 appear in A6-A7. 
M 
FIGURE 1 (continued). (C,D,E,F): Embryos from pho^^lpho^^ 
females and heterozygous males (Zeiss objective 40X). (C,E) 
The anterior and posterior ventral aspects. (D,F) The anterior 
and posterior dorsal aspects. (C) The head is severely affected 
and some cuticular holes are present around the head, and T2 
and A1 denticle belts are absent. T3 has the anterior-most 
denticles normally unique to A1 as well as a denticle belt shape 
similar to Al. KO and VP characteristic of T3 are not seen. (D) 
In wild type embryos only the anterior half of the dorsal side 
of T1 develops spinules and the posterior half is naked. The 
pho embryos have spinules in the posterior half of Tl. In 
addition, Tl, T2, and T3 do not have heavily hooked spinules 
(arrow head) which normally appear in the posterior half of 
abdominal segments. The Al does not have many heavily 
hooked spinules in the posterior end, which normally appear in 
A2 and more posterior segments, indicating that Al is not 
transformed into a more posterior segment. (E) A6 and A7 
have sensory organs in A6 and A7 (arrows) that are normally 
present in A8. Dorsal hairs sometimes appear around these 
sensory organs, indicating a ventral to dorsal transformation. 
(F) The dorsal surface of A6 and A7 show many sensory 
organs, indicating that the dorsal A6 and A7 are transformed to 
A8 or more posterior segments. 
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(which is normally naked) suggesting transformation into a more 
posterior segment. These phenotypes suggest the dorsal transformation 
of mesothorax and metathorax are in the opposite direction of the 
transformation of the prothorax. These dorsal and ventral 
transformations are similar to the transformations caused by alleles of 
Poly comb (Denell and Fredrick, 1983). 
Development of the central nervous system is also affected by the 
pho maternal effect. In the embryonic central nervous system in 
Drosophila the axons are organized into a ladder-like neuropil composed 
of a pair of horizontal commissures or ganglia and a pair of longitudinal 
connectives that carry axons between ganglia (Smouse and Perrimon, 
1990). About 50% of the embryos produced by homozygous pho^^ 
females show some abnormality of the nervous system (Figure 2). At 
an early stage of development of embryos some segments have extra 
nerve bundles (Figure 2, arrow) and some segments lack nerve bundles 
(Figure 2 arrow head). In some embryos there is no trace of the ladder­
like neuropil (not shown), while others have pairs of longitudinal 
connectives that carry axons between ganglia but show no horizontal 
commissures. In some the central nervous system is fused in the 
anterior region. In many such embryos the axons appear to migrate in 
random directions, forming a disorganized mass, and the peripheral 
nervous system is irregular and shows abnormal branching patterns. 
These results indicate that the pho maternal effect has a strong effect 
on the overall organization and development of the embryonic nervous 
system. 
Figure 2. The nervous system phenotype of wild type and embryos 
showing the pho maternal effect. All panels show embryos 
stained with anti-HRP antibodies that mark neural cells. 
Anterior is up. (A,C) Wild-type embryo (A is stage 13, C is 
stage 15) and (B,D) pho embryos showing maternal effects (B is 
stage 13 and D is stage 15), viewed from the ventral side 
showing the ladder-like array of axons. The embryo in B has 
the two nerve bundles that traverse the length of the nerve 
cord not well formed or connected. Extra nerve bundles are 
present (arrow) and nerve bundles are missing in some 
segments (arrowhead). The embryo in D has a fused central 
nervous system and does not have horizontal commissures in 
the anterior region. The peripheral nervous system is irregular 
and shows abnormal branching patterns. 
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pho alleles produce a variety of adult homeotic transformations 
Two alleles were used in an analysis of the adult effects o f  p h o  
ipho^ and pho^). Both alleles are strong recessive lethals. Individuals 
produced by standard crosses that are homozygous or hemizygous for 
either allele, or that are heteroallelic ipho^lpho^) die as pharate adults 
and do not survive to eclosion (0/500 control siblings for each 
genotype). Egg collections were made from the pho^h X pho^l+ cross, 
and the developmental stages of the lethal individuals were measured. 
In a sample of 864 eggs, 177 mutant individuals survived to form 
pharate adults with recognizable head, leg, and abdominal structures. 
Assuming a normal Mendelian ratio in the cross, this result suggests 
that most (177/216 = 82%) of the pho^^lpho^ individuals survive to the 
pharate adult stage. These results indicate that the pho function is vital 
for proper adult development, and suggest that the maternal pho gene 
product packaged in the egg is able to support embryonic, larval, and 
much of adult development. Samples of lethal individuals from each 
cross were dissected from their pupal cases and were examined for 
phenotypic abnormalities. The abnormalities observed include partial 
transformation of antenna into legs, partial transformation of 
mesothoracic and metathoracic legs into prothoracic legs, pattern 
duplications and deficiencies in the legs, partial transformation of 
abdominal segments into more posterior abdominal segments, and 
transformation of parovaria into spermathecae in females. We examined 
the range of abnormalities, and below provide a synopsis of each. In 
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addition, we performed a statistical analysis to determine the 
qu a n t i t a t i v e  d i f f e r e n c e s  i n  t h e  p h e n o t y p e s  p r o d u c e d  b y  d i f f e r e n t  p h o  
genotypes. 
The abdominal tergites of individuals with a pho mutant genotype 
show a consistent transformation. In males and females some of the 
abdominal segments are transformed into more posterior segments 
(Figure 3). This is most noticible in males where the fourth tergite, 
which is normally lightly pigmented, is transformed into a darkly 
pigmented segment, and the sixth segment, which is normally the most 
distal tergite, is missing, apparently being transformed into a more 
distal segment that does not form a tergite. In individuals with 
genotypes such as pho^/pho^ the fourth segment is largely, or 
completely transformed, and the sixth tergite is mostly or completely 
missing, but in individuals with other genotypes in which the 
transformation is not complete, the fourth tergite may contain small 
patches of darkly pigmented cuticle, and the sixth segment may form 
small patches of darkly pigmented cuticle. Similar patches are observed 
in individuals homozygous for the adult viable p/io^v allele. 
Heterozygous male progeny of pho^'^lpho^'^ females sometimes have 
darkly pigmented patches in the fourth tergite, but do not show a 
reduction in the sixth tergite. 
The abnormalities in the legs can be divided into two classes: 
those found in all six legs and those found only in the mesothoracic and 
metathoracic legs. Three morphological effects are observed in all legs. 
Figure 3. Abdominal cuticle from male adults with wild type (A), pho^^Ipho^^ (B) , and 
pho^^lpho^ adults. Note that in (B) and (C) there are patches of cuticle in the fourth 
tergite that are darkly pigmented, and appear to be fifth or sixth segment cuticle. In 
most pho^'^Ipho^ males, the fourth tergites are almost entirely transformed into fifth 
or sixth tergites. The sixth tergite is very reduced, presumably because this segment 
is largely transformed into a more posterior segment, which in males has no tergite. 
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First, structures in the proximal portion of the tibia are replaced by a 
second, proximal/distal reversed copy of structures in the distal tibia 
(Figure 4). The reversed polarity of the duplicate structures is indicated 
by the orientation of the leg bristles and by the location of bracts on the 
distal side of the bristles. There is considerable variation between 
individuals with different genotypes in the number of proximal tibial 
structures missing and in the number of bristles present in the 
duplication. This ranges from only one or two bristles with altered 
polarity, to a duplication of most of the proximal half of the tibia. The 
similarity of these duplications to pattern duplications produced by cell 
death in temperature-sensitive cell-lethal mutants (Russell, 1974; 
Russell et al., 1977; Girton and Bryant, 1980) suggests this effect might 
be the result of Ao-induced cell death. This is supported by the 
observation that imaginai discs dissected from pho larvae show discrete 
patches of staining with the vital dye trypan blue (not shown). A 
second abnormality observed in all three legs is the occasional 
appearance of sex comb bristles on the second and third tarsal 
segments. Similar bristles appear in temperature-sensitive cell-lethal 
mutant individuals following a sublethal heat treatment, suggesting this 
may be an additional effect of cell death. 
A third pho effect seen in all legs is the partial absence of a claw 
and the presence of a sixth tarsal segment (Figure 5). The partial claws 
consist of an unguitractor apodeme, which attaches to the distal margin 
of the fifth segment at the normal attachment position, and one or two 
partial ungues. Other elements of the claw organ (unguitractor plate, 
Figure 4. A photograph of the tibia and tarsus of a metathoracic leg 
from a pho^/pho^ pharate adult. The tibia has a 
proximal/distal pattern duplication in which proximal tibial 
structures are missing and there is a second, proximal/distal 
copy of distal tibial structures, including the preapical 
bristle (PAB). The leg contains structures characteristic of 
prothoracic legs: tibial transverse rows (TRA), sex comb 
bristles (SC), and transverse rows (TR8) in the anterior 
compartment has been partially transformed into 
prothorax. In the posterior compartment the leg contains 
transverse rows (TR2) characteristic of the metathoracic leg. 
5 4  
Figure 5. A photomicrograph of the distal portion of the tarsus of a 
metathoracic leg from a pho^lpho^ pharate adult. The 
basitarsus contains prothoracic structures (TR8 and SC) that 
indicate that the anterior of the tarsus has been transformed 
into prothorax. The tarsus contains six segments (1-6), each 
with bristles and bracts showing normal proximal/distal 
polarity. A partial claw organ consisting of partially formed 
ungues (UN) and an unguitractor apodeme (UA). are present. 
The ungues and unguitractor apodeme are attached to the 
distal margin of the fifth segment, in the normal location. 
5 6  
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empodium, and pulvilli) are invariably missing. The proximal five 
tarsal segments retain their characteristic sizes, shapes, and numbers of 
bristles. The sixth segment often has bristles and bracts showing 
normal proximal/distal polarity. These characteristics suggest that the 
sixth segment is not a mirror-symmetrical duplication of the fifth 
segment, such as has been reported for other mutations that alter tarsal 
segment number (Held et al., 1986). 
Two pho phenotypic effects are limited to the mesothoracic and 
metathoracic legs. First, both mesothoracic and metathoracic legs are 
partially transformed to prothorax, and this transformation is spatially 
limited to the anterior compartment of the distal tibia and proximal 
tarsus. In mesothoracic legs transverse rows of bristles (a characteristic 
prothoracic leg structure) appear in the distal portion of the anterior 
tibia, replacing the apical bristle and the anterior apical spurs, although 
the posterior apical spurs and the preapical bristle are not affected. In 
the anterior of the mesothoracic basitarsus a sex comb, central bristle, 
and transverse rows of bristles appear (data not shown). In a few 
individuals, a small portion of the posterior compartment of the 
mesothoracic leg is transformed into metathorax, indicated by the 
appearance of the posterior transferse rows of bristles characteristic of 
metathoracic legs (not shown). In the metathoracic leg, transverse rows 
of bristles appear in the anterior compartment of tibia, but the normal 
single transverse row of bristles in the posterior distal tibia is not 
affected, nor are the posterior transverse rows in the basitarsus 
(Figures 4 and 5). The transformation of mesothoracic and metathoracic 
58 
legs is limited to the distal tibia and tarsus, as indicated by the shape of 
the proximal segments and by the presence of leg-specific 
characteristics in the thorax, coxa, and femur. 
To further define the extent of adult transformation given by 
different pho mutations a number of cuticular markers in the legs of 
individuals with different pho allelic compositions were scored. For each 
marker the mean number of elements present was recorded (Table 3). 
There are several patterns in these data. First, the frequencies of 
appearance and means of different markers in legs of pho^/pho^ 
individuals are nearly always the same as those of pho^lDf(4)38 
individuals. The structures characteristic of the prothoracic leg (tibial 
transverse row bristles, sex comb, and central bristle) in particular, 
show no significant differences. Individuals with a pho^ allele 
(pho^lpho^ and pho^lDf(4)38) have a less extreme phenotype with 
significantly reduced numbers of elements, and the numbers of 
elements present in individuals with a pho^lpho^ genotype are similar 
to pho^lDf(4)38 individuals (data not shown). The classic test to 
determine whether an allele is an amorphic allele is to compare the 
phenotype of individuals that are homozygous for the allele with 
individuals that are hemizygous. By this test, the pho^ allele appears 
to be an amorphic allele and the pho^ a hypomorphic allele. 
All prothoracic leg markers show a leg-specific effect, being less 
frequent and/or smaller in the mesothoracic legs than in the prothoracic 
legs, and still smaller and/or less frequent in the metathoracic legs. The 
mean number of sexcomb teeth in pho^lpho^ individuals, for example. 
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Table 3. Statistical analysis of the pho adult leg transformations.! 
Prothoracic TR BTO SC SC2 CB SEG UN AP 
pho^/pho^ 6.0 4.7 10.9 0.9 0.9 6.0 0.9 0.4 
pho^/Df(4)3% 5.7 4.4 10.2 0.8 0.9 5.5 0.4 0.2 
Mesothoracic 
pho^lpho^ 4.1 4.1 8.2 0.4 0.7 6.0 0.6 0.1 
pAob/Df(4)38 3.8 4.2 7.7 0.2 0.6 5.9 0.2 0.1 
Metathoracic TO BTO SC SC2 CB SEG UN AP 
pho^lpho^ 3.6 2.8 4.5 0.1 0.4 5.9 0.9 0.3 
pAob/Df(4)38 3.3 2.9 3.9 0.1 0.3 5.7 0.3 0.1 
1. Differences from pho^lpho^ were tested for significance, 
significant, 5% 
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is 10.9 in prothoracic legs, 8.2 in mesothoracic legs, and 4.5 in 
metathoracic legs. This pattern occurs in individuals with different pho 
genotypes. This agrees with previous observations that the metathoracic 
leg is less affected by Pc group mutations (Duncan, 1982). Some effects 
are neither allele nor leg specific. The presence of the sixth tarsal 
segment and the deficiencies for claw organ structures, for example, are 
nearly identical in all legs of all pho genotypes. The effects of the 
temperature of rearing on pho mutant expression were tested by 
rearing batches of pho^/pho^ individuals at 29°C or 18°C. Individuals 
reared at 29°C are only slightly different from individuals reared at 
25°C (data not shown). The individuals reared at 18®C have lower 
numbers of prothoracic structures in mesothoracic and metathoracic 
legs but show no differences in claw organ effects. This suggests that 
although some aspects of pho mutant effects are reduced at low 
temperatures, the overall effect of temperature on pho expression is 
slight. 
There are three pho effects on the antennae: a transformation of 
the proximal portion of the antenna into leg, distortions and deficiencies 
of proximal antennal structures, and distortion and deficiency of the 
arista. An example of an antenna from a pho individual illustrating 
these effects is shown in Figure 6. The transformation of antenna into 
leg is limited to the proximal portion, or base. This region is greatly 
enlarged, and structures (sensilla groups, hairs, bristles) characteristic 
of the trochanter, coxa, and thoracic segments of the mesothoracic leg 
are present. These structures are in a cohesive patch rather than 
Figure 6. A photomicrograph of the antenna from a pho^lpho^ 
pharate adult. Several cuticular structures characteristic of 
the proximal mesothoracic leg are present in the proximal 
antenna, including sternal bristles (ST), groups of sensilla 
trichodea (St6, St7), and coxal bristles (CB). Antennal 
structures characteristic of the proximal antenna are still 
present, including bristles in the first segment (Al) and the 
second segment (A2). The third antennal segment is 
relatively normal, and the arista (AR) is abnormal. 
6 2  
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interspersed with antennal structures. The most proximal (thoracic) 
region is covered with dense hairs and contains a group of eight sensilla 
trichodea and a group of small bristles in the relative position of, and 
with the similar morphological characteristics as, the distal Sternoplural 
bristles of the mesothoracic leg. These characteristics suggest that the 
proximal antenna is transformed into proximal mesothoracic leg. 
However, the leg tissue present in the antenna does not contain the 
most proximal structures in the mesothoracic leg, the Sternal bristle and 
the large, proximal bristles in the Sternoplural group. There is a sharp 
distal boundary between leg and antennal structures, that is located in 
the middle of the trochanter. At this boundary, proximal antennal 
structures are often deficient or, if present, have reduced numbers of 
elements. The extent of antennal deficiency varies, and individuals with 
a large number of leg structures but with no visible decrease in 
antennal structures are observed. These results suggest that the 
transformation of anttenna into leg is restricted to a specific region of 
the disc. 
To obtain a quantitative characterization of the antennal effects of 
pho mutations, antennae were collected from individuals with different 
pho genotypes and the numbers of leg and antennal elements present 
were counted. Significant differences in the number of leg elements 
and antennal elements present in pho antennae were observed in 
individuals with different pho genotypes. The mean number of 
elements in leg markers in the transformed antennae of pho^lpho^ 
individuals were equal to or greater than those in pho^/Df(4)38 
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Table 4. Statistical analysis of the pho antennal phenotypel 
Leg Markers SP StS CBR St7 St6 St5 
pho^/pho^ 1.4 6.1 11.5 4.6 3.2 0.5 
/?/iob/Df(4)38 0.9 5.7 9.8 4.2 2 . 0  0.8 
Antennal markers AlB A2T A2B SAC BC AR 
pho^lpho^ 2.4 0.7 14.1 1.0 1.0 0.7 
pAob/Df(4)38 2.9 2.0 1 0 . 6  1.0 1.0 0 . 1  
1. Differences from pho^lpho^ were tested for significance, 
significant, 5% 
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individuals (Table 4). The leg markers present in the antennae of 
pho^lpho^ individuals contain significantly fewer elements than the 
corresponding markers in pho^/pho^ antennae (data not shown), and 
the number of leg markers in pho^lpho^ antennae are equal or greater 
than the corresponding markers in pho^/Df(4)38 antennae (Table 4). 
The similarity of pho^lpho^ to pho^lDf(4)38 individuals supports the 
suggestion that the pho^ allele is an amorphic allele. The differences 
between the effects given by the pho^ and pho^ alleles suggest that 
not all effects require the same reduction in pho function. The 
frequency of appearance of the mesothoracic sternal bristles in 
antennae, for example, jvas similar in individuals of all pho genotypes, 
whereas the sensilla trichodea groups and arista deficiencies are 
significantly less frequent in individuals with a pho^ allele. There are 
only slight differences between individual markers in the antennae of 
pho^lpho^ individuals reared at different temperatures. Among the leg 
markers, there is an increase in the St8 at 29°C and a decrease in the 
St5 at 18°C, while among the antennal markers, there is an increase in 
the number of antennal bristles at 18°C (Data not shown). This supports 
the suggestion that pho effects may be slightly less severe at 18°C but 
that there is no major temperature effect. 
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DISCUSSION 
pho mutations produce unique phenotypes as well as phenotypes 
characteristic of Polycomb group mutations. 
Mutations of the Polycomb group of genes in Drosophila produce a 
remarkable variety of similar phenotypic effects. This similarity of 
phenotypes has been used as a defining characteristic to include genes 
in the Pc group. The defining characteristics originally were adult 
phenotypes, in particular on the appearance of sex combs on the second 
and third legs, the result of a transformation of the mesothoracic and 
metathoracic legs into prothorax. This was later expanded to include 
other phenotypes, including maternal effect embryonic phenotypes such 
as transformation of segments into more posterior segments. All of the 
genes currently assigned to this group do not produce exactly the same 
phenotypic effects, and the analysis of the differences is an important 
part of the effort to define the functions of this complex group of genes. 
Previous analyses of mutant alleles of pho have shown that these 
mutations produce many of the major Pc group phenotypic effects 
(Gehring, 1970; Breen and Duncan, 1982; Duncan, 1982; Adler et al., 
1991). We have documented these phenotypic effects, in a detailed 
morphological analysis of large numbers of mutant individuals, and 
have also observed new phenotypic effects that, we believe, may be 
important in determining the role of pho in embryonic and adult 
development. 
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One important Pc group phenotype is a maternal effect on 
embryonic development. Using the classic genetic test for maternal 
effect, a reciprocal cross, we have demonstrated that the pAo^v allele 
does have a maternal effect. The embryos produced by homozygous 
/7/ioCV females have a variety of abnormal phenotypes, no matter what 
the embryo's genotype. These abnormalities include a range of cuticular 
defects, and abnormalities of the embryonic nervous system. These 
results confirm the findings of an earlier study (Breen and Duncan, 
1986) in which a different system (pole cell transplantation) was used 
to first demonstrate that pho has a maternal function. The larger 
numbers of afffected embryos that our genetic system produces allows 
us to make a more detailed, statistical analysis of the maternal effects. 
The results clearly indicate that the maternal pho product is essential 
for normal cell determination in the embryo. In addition, some of the 
heterozygous embryos produced by p/to^v females survive and develop 
into viable adults. A small, but consistant, number of these individuals 
who are males have small patches of cuticle in the fourth abdominal 
segment transformed into a more posterior segment. This 
transformation phenotype is common in individuals homo or 
hemizygous for different pho alleles, suggesting that this transformation 
phenotype is the result of a lack of pho product. The appearance of this 
adult phenotype as a maternal effect suggests that the maternal pho 
product is active throughout the larval period into adult development, a 
time well after zygotic genes are functioning. The maternal product is, 
apparently, capable of sustaining development well into, but not 
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completely through, adult development. 
Adults homozygous or hemizygous for different pho alleles 
usually die as pharate adults. This indicates that the pho product is 
essential for normal adult development. The lethal pharate adults have 
a variety of transformations, common to Pc group genes, including 
transformation of proximal antenna into mesothoracic leg, partial 
transformation of mesothoracic and metathoracic legs into prothoracic 
leg, transformation of abdominal segments into more posterior antennal 
segments, and transformation of parovaria into spermathecae. In 
addition, individuals homo or hemizygous for pho alleles have some 
novel phenotypes. In the tibia, proximal structures are replaced by 
reversed polarity pattern duplication of distal structures. This type of 
pattern duplication is similar to those produced by induced cell death in 
temperature-sensitive cell-lethal mutants, although tibial abnormalities 
of this precise type have not been reported before. The observation of 
clustered vital dye staining in the presumptive tibial region of leg discs 
supports the hypothesis that this phenotype results from the induction 
of a localized patch of cell death followed by regeneration. Unlike 
temperature-sensitive cell-lethal mutations that induce duplications 
and deficiencies throughout the legs and head (Russell et al., 1977; 
Girton, 1981, 1982), the cell death effect of pho appears to be limited to 
this particular region of the leg. 
An additional unique pho effect in the legs is the appearance of a 
sixth tarsal segment accompanied by a partial deficiency of the claw. 
The sixth segment shows little variation in bristle number or in the 
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number of claw organ elements present between individuals 
homozygous or hemizygous for hypomorphic or amorphic pho alleles. 
The polarity of bristles and bracts in this sixth segment indicate that 
this extra segment has normal proximal/distal polarity, unlike pattern 
duplications of tarsal segments observed in other mutations (Held et al., 
1986). The normal polarity of the segment suggests that this is not a 
pattern duplication induced by cell death, but, rather, the result of a 
transformation in which the cells normally forming claw organ 
structures form the sixth segment cuticle. This phenotypic effect has not 
been reported for any other homeotic or cell-lethal mutation. 
The pho transformations are not randomly distributed within discs 
The appearance of homeotic transformations in discrete patches in 
the legs and antennae suggested that the pho effects may be localized to 
specific regions of the imaginai discs. To clarify the spatial localization of 
the effects, the locations of the disc cells affected in different pho 
phenotypes were traced on a fate map of the mesothoracic leg imaginai 
disc (Figure 7). The pho effects are not randomly distributed within the 
discs, but instead are localized to discrete regions, or semicircular 
patches in the disc, which are located in the medial half of the disc, 
centered about the upper medial quarter of the disc. The antennal 
effects are also spatially localized. If the locations of the leg structures 
that appear in the antennae are plotted on the leg fate map, they form a 
semicircular patch in the upper medial region of the disc. No attempt 
Figure 7. A diagram showing the locations of several pho effects on a 
fate map of a mesothoracic leg disc. The effects are localized 
to discrete, semicircular regions in the disc. The size of the 
region reflects the extent of the affected area in the adults 
with a pho^/pho^ genotype. These individuals have the 
most extensive transformations. The locations of the region 
corresponding the leg structures that appear in the antennae 
of pho^lpho^ individuals are also indicated. The structure 
designations are explained in Table- 1 in the Materials and 
Methods. The locations of the boundaries of the 
compartments in the disc are also indicated (A = anterior 
compartment, P = posterior compartment, D = dorsal 
compartment, V = ventral compartment). 
leg structures that appear in the 
antennae 
transformation of mesothoracic and 
metathoracic legs to prothorax 
transformation of mesothoracic leg to 
metathorax 
hi!hdt;i:'é region of tibial pattern deficiency 
UPPER 
MEDIAL 
LATERAL 
LOWER 
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was made to indicate the location of the claw effects, because the 
locations of the cells producing the individual elements of the claw 
organ have not been located on the fate map. However, it is possible 
that these cells are also in the upper medial quarter of the disc, as fate 
map experiments suggest that the claw organ is not formed by cells in 
the center of the disc (Schubiger, 1971). The upper medial quarter of 
the leg disc has been investigated in numerous analyses of pattern 
regulation in imaginai discs and this region has been proposed to be of 
unique importance in the organization of positional information in leg 
discs (Bryant, 1971, 1978; Russell et al., 1977; Girton and Russell, 1980; 
Girton 1981, 1982). _ 
The Poly comb group genes have been proposed to be regulators 
of expression of BXC, ANTC, and other genes that control early 
embryonic development, and the homeotic transformations given by 
mutations of Pc group genes have been proposed to result from altered 
expression of these genes. This model is supported by observations that 
BXC and ANTC are ectopically expressed in Pc mutants during 
embryonic (Struhl, 1981; Ingham, 1983) and adult (Busturia and 
Morata, 1989; Glicksman and Brower, 1988) development. The novel 
cell death and transformation effects reported here are not produced by 
any known combination of BXC and/or ANTC mutations, suggesting that 
pho must regulate or affect other determination and cell lethal genes 
besides those of the BXC or ANTC. Other Pc group genes, notably esc, 
have also been proposed to regulate determination genes other than 
those of the BXC or ANTC (Ingham, 1983, 1984; Glicksman and Brower, 
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1988; Moazed and O'Farrell, 1992), a proposal supported by the direct 
observations that suggest that the gene products of the Polycomb and 
ph loci bind to a large number of salivary gland chromosome sites, not 
just to those of BXC and ANTC (Zink and Paro, 1989; Zink et al., 1991). 
The activity of esc has been shown to be not vital for the initiation of 
BXC and ANTC activity in the early embryo, but is needed for the 
stabilization and maintenance of BXC activity (Glicksman and Brower, 
1988). Based on these observations, esc and other Pc group genes have 
been postulated to form a stable regulatory system which is proposed to 
regulate cell determination by controlling or maintaining the state of 
activity of the BXC, ANTC, and other determination control genes. 
Mutations in Pc group genes are proposed to destabilize this system, 
and alter the normal expression patterns of a variety of regulatory 
genes. 
Any model of Pc group action must explain the diversity of 
phenotypic effects, given by pho alleles, and must explain the spatial 
distribution of the pho effects in the embryo and in the imaginai discs. 
In the embryo, the model suggests that alteration of expression of 
segmentation genes (gap genes, pair rule genes or segment polarity 
genes) or determination genes {BXC and ANTC) will alter previously 
defined spatial patterns of gene activity, and that this will give different 
effects in different regions. For example, ectopic expression of BXC genes 
will result in transformation of thoracic segments into abdomen. In the 
imaginai discs, the current model of positional information organization 
is the polar coordinate model (Bryant et al., 1980). This model proposes 
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that there are two gradients in discs, a proximal/distal and a 
circumferential, that provide the cells with positional information. 
Recent studies suggest that the segmentation genes that provide 
positional information along the anterior/posterior axis in the embryo 
also function to produce gradients of positional information in the 
imaginai discs (Bryant, 1993). In particular, it has been proposed that 
wingless and engrailed produce the circumferential gradient (Couso et 
al., 1993) and that other genes such as odd skipped. Disconnected, 
Distal-less and Rotund may provide proximal/distal information 
(Bryant, 1993). Some of the embryonic phenotypes produced by 
mutations of these genes are similar to the embryonic phenotypes 
produced by the maternal effects of pho^^ and other Pc group 
mutations. The distributions of the products of these genes in the 
imaginai discs are organized in spatial patterns similar to the patterns 
we observe for the pho adult effects. 
These results suggest that the proposed Pc group regulatory gene 
network may operate in the imaginai discs much as it does in 
embryonic development, to maintain the proper patterns of expression 
of segmentation and determination genes. In discs, destabilizing the Pc 
system would alter the distribution of gene products responsible for 
organizing the positional information gradients, which could cause disc 
cells to adopt cell fates inappropriate for their location, causing 
transformations or other phenotypic effects. The patterned cell death 
produced by pho in the tibia, for example, might be the result of cells in 
the proximal tibial misinterpreting their positional values as unusual 
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values not representing any segment identity, a "nonsense code word" 
(Struhl, 1983). There are, of course, other possible models that could be 
devised to explain the effects of mutations of pho and other Pc group 
genes. We simply wish to suggest that the regulation of embryonic and 
adult genes responsible for positional information and pattern 
formation in embryonic and adult development is one plausible role for 
the Pc group genes. Further analysis of individual Pc group genes, and 
their interactions with genes controlling pattern formation in the 
imaginai discs, will be needed to test this hypothesis. 
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ABSTRACT 
The Pleiohomeotic (pho) gene of Drosophila is a member of the 
Polycomb (Pc) group of genes. Loss of function mutations of pho cause 
abnormal segmentation, abnormal segment determination, homeotic 
transformations, and other types of abnormal development in embryos 
and adults. Embryos produced by females homozygous for a pho 
maternal effect mutation show segment defects, predominantly in the 
second thoracic segment and odd numbered abdominal segments, which 
has not been reported for other Pc group mutations. The embryonic and 
adult phenotypes produced by double mutant combinations of pho with 
other Pc group mutations show dramatic synergistic effects in adult as 
well as in embryos. Homeotic transformation in the double mutants was 
very sensitive to changes of dosage of the Pc group genes, and 
especially sensitive to zygotic and maternal changes of pho product. We 
suggest that segmental transformations are produced by alterations in 
the level of expression of Pc group genes. We also suggest that the 
early functions of the maternal products of fc group genes might be 
gradually replaced by zygotic products. 
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INTRODUCTION 
Segmental identity in Drosophila depends on the spatially regulated 
expression of the homeotic selector genes of the Bithorax (BX-C) and 
Antennapedia (ANT-C) complexes (reviewed by Peifer et al. 1987; 
Duncan 1987). The ANT-C controls the identity of the cells in the 
thoracic and head segments, and the BX-C controls the identity of the 
cells in the thoracic and abdominal segments. The initial expression 
pattern of these homeotic genes is established in response to the 
transient expression of _the segmentation genes (Akam 1987; Ingham 
1988). Once segment identity has been established during embryonic 
development, the identity of each segment must be maintained by the 
continuous expression of homeotic genes in restricted anterior and 
posterior domains throughout development (Carroll et al. 1988; Celniker 
et al. 1989; Karch et al. 1990). Three groups of genes have been shown 
to be involved in the maintenance of this spatially patterned homeotic 
gene expression: the homeotic genes themselves, by cross-regulation 
(Struhl and White 1985; Gonzalez-Reyes et al. 1990), the trx group of 
genes (Kennison 1993), and the Polycomb group of genes (Lewis 1978; 
Jurgens 1985; Breen and Duncan 1986; Mckeon and Brock 1991; Simon 
et al. 1992, Girton and Jeon 1993). 
Mutations in the Pc group genes produce some mutant phenotypes 
that resemble the phenotypes produced by gain of function mutations 
of homeotic genes (Lewis 1978; Jurgens 1985). The name of Pc group 
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genes came from one such phenotype, an adult phenotype produced by 
many of these mutations, the presence of sex combs on the second and 
third legs of males. Jurgens (1985) estimated that there are about 40 Pc 
group genes in the genome of Drosophila, but so far only 12 unlinked Pc 
group genes have been analyzed. These are Polycomb (Pc), the 
prototypic member (Lewis 1978; Duncan and Lewis 1982), extra sex 
combs (Struhl 1981; Struhl and Brower 1982; Struhl and Akam 1985), 
Polycomblike (Pc/) (Duncan \9S2), pleiohomeotic (pho) (Duncan 1982; 
Girton and Jeon 1993), Additional sex combs (Asx), Posterior sex combs 
(Psc), and Sex combs on midleg (Scm) (Jurgens 1985), super sex combs 
(sxc) (Ingham 1984), Polyhomeotic (ph) (Dura et al. 1985; Smouse et al. 
1988), Sex combs extra (See) (Breen and Duncan 1986), polycombeotic 
(pco) (Shearn et al. 1978; Phillips and Shearn 1990) and possibly 
extradenticle (Wieschaus and Noell 1986; Peifer and Wieschaus 1990). 
Since Struhl and Akam (1985) demonstrated that in esc mutants the 
pattern of expression of Ubx is initially normal but is followed by 
ectopic expression of Ubx outside of its normal spatial domains, Pc 
group genes have been believed to be essential for maintaining spatial 
restrictions of homeotic gene expression (Struhl and Akam 1985; 
Glicksman and Brower 1988; Mckeon and Brock 1991; Simon et al. 
1992). The similarity of many phenotypes produced by mutations of 
Pc group genes indicates they share a functional pathway, although 
some of them also have unique phenotypes, indicating that they do not 
have identical functions. The observation that the homeotic 
transformations produced by mutations of Pc group genes are 
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synergistically enhanced in double mutant and triple mutant 
individuals (Jurgens 1985) suggested that Pc group genes interact to 
control the spatial expression of the BX-C and ANT-C genes. 
Immunohistochemical studies show that the protein products of several 
Pc group genes co-localize at numerous sites on polytene chromosomes, 
suggesting that they act together to control the spatial expression of 
homeotic genes through direct binding to homeotic loci (Zink and Paro 
1989; Paro 1990; Rastelli et al. 1993). Kennison and Russell (1987) 
found many "trans-regulatory" loci that have a dosage-dependent 
interaction with Pc, Pel, Antp, and Scr, and a mass action model has 
been proposed to explain their dosage-dependent effects on 
determination of segment identity (Locke et al. 1988). Taken together, 
these results suggest that the Pc group gene products might form 
multimeric complexes that regulate homeotic gene action by binding to 
chromatin at specific target sites and then altering chromatin structure 
to generate stable inactivations of the target genes (Paro 1990). 
Although this model explains many features of Pc group genes, there 
are a number of questions about these genes that are yet to be 
explained. We don't understand how combinations of Pc group mutants 
in doubly, triply mutant individuals, or combining zygotical and 
maternal mutations enhances homeotic transformation. Altered 
expression of homeotic genes in mutants of Pc group genes is not due to 
localized spatial expression of the Pc group products because Pc and ph 
are distributed uniformly along the A-P axis (Franke et al. 1992). 
Genetic interactions of pho with other Polycomb group genes indicates 
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that the homeotic transformation phenotypes are very sensitive to 
changes of dosage of Pc group genes. To further our understanding of 
the Pc group genes, we present in this paper an analysis of the effects of 
maternal effect and zygotic mutations of pho, and interaction studies 
between a maternal effect pho mutation and other Pc group mutations. 
We have observed a number of novel phenotypes including the striking 
maternal effect phenotype of segment defects in odd numbered 
segments, a pattern not reported for other Pc group mutants. We 
propose that Pc group gene proteins may form multimeric complexes 
that are at equilibrium, and that changes in the conformation of the 
complexes caused by alteration of the maternal or zygotic levels of 
individual Pc group gene products may change the threshold of activity 
of the complex, enhancing homeotic transformations. 
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MATERIALS AND METHODS 
Stocks and fly rearing: Flies were grown and experimental 
individuals were reared in 1/4-pint glass bottles containing a standard 
cornmeal/yeast medium seeded with live yeast. Stocks were 
maintained at 19°C and all crosses to get the proper mutants performed 
at 21 °C. Egg collections from the experimental crosses were taken at 
25°C. All visible mutations and balancers are described in Lindsley and 
Zimm (1992). The pho alleles were maintained in balanced stocks with 
fourth chromosomes marked with eyD or c/D. The pAo mutations were 
originally discovered as recessive lethal mutations on the fourth 
chromosome with a lethal period late in pupal development (Hochman 
1964), and an amorphic, pupal lethal pho^ allele was obtained for this 
study from Dr. R. Denell. A hypermorphic, homozygous viable and 
fertile pho^^ allele was from pho^^!+ females in a large scale, mass 
mating (Girton and Jeon 1993). 
Analysis of embryonic phenotypes: Eggs were collected at 
intervals of 6 to 12 hr and incubated for an additional 20 to 24 hr at 
25°C. Embryos with a pharyngeal skeleton were collected and 
transferred to double-sided cellophane tape for manual dechorionation. 
Dechorionated embryos were mounted in 1 to 1 mixture of Hoyer's 
mounting and lactic acid (Struhl 1989) and incubated for at least 6 to 12 
hrs at 60°C. Embryos were devitellinized in this solution on a slide glass 
by rupturing vitelline membranes with a fine tungsten needle and a 
forceps, and were then covered with a glass cover-slip for examination 
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under phase contrast using a Zeiss microscope. The patterns of denticles 
on the larval cuticle have been used as a dominant marker for segment 
formation and segment identity in embryonic development. The 
embryonic denticle pattern of the wild type has been described in detail 
by Lohs-Schardin et al. (1979), and Denell and Frederick (1983), and is 
characterized by three thoracic and eight abdominal denticle belts 
which mark the anterior margins of the segments. The belts of the 
mesothoracic and metathoracic segments are composed of 3-4 rows of 
fine denticles, whereas the abdominal segments bear much larger, 
hooked denticles. 
Analysis of adult morphology: Experimental individuals were 
collected as pharate adults or eclosed adults and preserved in 70% 
ethanol. These individuals were boiled in IN KOH for 5 minutes to 
remove internal body parts, were cleared in 70% ethanol for several 
hours, and were then dehydrated in 100% ethanol. The heads, 
abdomens and all six legs from each individual were dissected, mounted 
in euparol between glass coverslips and were then dried and flattened 
on a heated-warming tray under weights. Homeotic transformations 
were determined by comparison of mutant cuticular structures with 
structures from Canton S or Oregon R wild type individuals. For 
example, in the wild-types the first abdominal tergite (Al) has very 
fine and short bristles, and the more posterior abdominal segments, and 
the tergites in segments A2, A3 and A4 are not pigmented except at the 
posterior boundary, while segments A5 and A6 have pigmented 
tergites, and segments A7 and A8 form the genital region and do not 
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have tergites. 
Interaction of pho and Pc group genes: We have produced 
double mutant strains each containing pho^^ and a mutant allele of a 
different Pc group gene, including Pcl^^, Pc^, sxc^, esc^, and enhancer 
of Polycomb {E(Pc)) (Sato et al. 1984). A PcV^^\ pho^ double mutant 
strain was also made to determine whether there are any qualitative 
differences between strong and the weak pho alleles in double mutants. 
We examined individuals from the double mutant strains for viability, 
for embryonic denticle patterns, for leg transformation of adult males, 
and for pigmented patches of male tergite. To quantify leg 
transformation, the number of sex comb teeth in each of the three legs 
was counted. In examinations of mutant embryos and pupae there 
were not always morphological markers to determine homozygous and 
heterozygous individuals, and in these cases we have assumed that the 
most affected embryos or pupae were the double mutants. 
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RESULTS 
p&ocv maternal mutant embryos show a variety of 
phenotypes: Heterozygous embryos produced by 
homozygous pho^^ (pho^^lpho^^) females show several maternal effect 
phenotypes, including an embryonic segmental transformation (Girton 
and Jeon 1993). Figure IB shows an embryo with a pho^^ maternal 
effect embryonic phenotype. In the head, involution is abnormal, the 
pharyngeal skeleton is distorted, and maxillary sense organs are 
duplicated (Figure IC arrow). In the thorax, the segments are partially 
or completely transformed into first abdominal segments, but not into 
more posterior segments. Many of these maternal effect embryos 
display weak thoracic transformation and most embryos showed nearly 
wild type first abdominal morphology (Figure IB). Abdominal 
segments A1 to A5 segments are not transformed although denticles are 
frequently missing. However, abdominal segments A6 and A7 appear 
to be transformed into an eighth segment because their denticle belts 
are rectangular, which is characteristic of the A8 segment. In addition 
to the changes in the dentical belts, both A6 and A7 have sense organs 
(characteristic of A8) on both the ventral and dorsal sides (Figure IB 
arrow). Internal structures are also affected, and these embryos have 
abnormalities in both the central and peripheral nervous systems. 
To quantify the severity of the segment defect phenotype, each 
denticle belt in a collection of embryos that was either completely 
eliminated or partially reduced was counted. The results showed a 
FIGURE 1. Light micrographs showing the ventral aspects of a wild 
type first instar larva (A) and pAoCV homozygous embryo (B). 
(A) The ventral cuticle pattern of wild type larvae is 
characterized by three thoracic (T1-T3) and eight abdominal 
denticle belts (A1-A8) that mark the anterior margins of each 
segment. Each segment has a morphologically unique pattern 
of denticles and sensory organs (SO). (B) Partial removal of 
zygotic and maternal pho causes weak segmental 
transformation in thoracic segments and posterior half of 
abdominal segments. Head involution is abnormal. Thoracic 
segments are transformed only to the first abdominal 
segments. A1 to AS denticle belts have fairly normal 
morphology, but A6 and A7 are transformed to AS segment. 
Denticle shape of A6 resembles that of AS. Sensory organs 
(SO) of AS segment appear in A6 segment. 
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striking pair-rule like segmental defect pattern (Figure 2). The thoracic 
segments had a higher frequency of segmental defects than the 
abdominal segments, and the second thoracic segment and odd 
numbered abdominal segments had higher frequencies of defects 
(Figure 3). Most of the embryos showed segment defects in some of the 
odd numbered of segments, but not in all of the odd numbered 
segments. However, about 5% of the embryos showed defects in 
segments T2, Al, A3, A5, and A7 at the same time, and this pair-rule 
pattern was maintained even in very severely affected embryos. In 
rare cases denticle belts were fused (Figure 2B), denticles had opposite 
polarity (Figure 2C), or extra denticles were observed outside the 
normal denticle belts (Figure 2C arrow). In severely affected embryos, 
the denticles from segments Tl, T2, T3, Al, A2 and A3 were missing, 
showing a gap gene pattern of segment defects (Figure 2D). 
Rescue of pho maternal effects: The maternal effects of the 
pAoCv have been shown to include embryonic lethality, with the larvae 
showing transformations of some segments into more posterior 
segments. To determine whether the larval viability could be rescued 
by pho"^ products provided by the paternal allele, we examined the 
survival of embryos produced by homozygous pho^^ females mated to 
males of different genotypes. While only 2.8% of the embryos from 
pho^^ homozygous parents hatched as larvae, 27.2% of the embryos 
from pho^^/pho^^ females mated to wildtype males hatched as larvae. 
The larvae of the former cross never survived to the pupal stage, 
whereas some larvae of the latter cross formed pupae and eclosed as 
FIGURE 2. Photomicrographs showing segment defect in pho 
maternal effect embryos. Some embryos display segment 
defects of certain segment, but not in all odd numbered 
segments (A: segment defect in T2, Al, A5, A7). However, 
about 5% of pho maternal effect embryos show pair-rule 
pattern of segment defects (B). Some denticle belts are fused 
(B, C). Some denticle belts occasionally showed opposite 
orientation of each denticle belts or extra denticles (arrow in C). 
Segment defects are not limited to pair-rule pattern, but 
sometimes extended to even a gap gene pattern. 
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FIGURE 3. Segment defect frequency in pho maternal effect 
embryos. Partially and completely missing of denticle belts 
were counted as segment defects. Thoracic segments have a 
higher frequency of segment defects than abdominal 
segments. Segment defects occur predominantly in T2 and 
odd numbered abdominal segments. 
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adults. Some of these eclosed males had pigmented patches of cuticle in 
the tergues of abdominal segment A4, indicating that the pho maternal 
effect lasts to the adult stage. 
To determine whether the pho maternal effect homeotic 
transformations were rescued by the paternal pho"^ allele we compared 
the thoracic denticle belt transformations of the embryos from three 
crosses. Females homozygous for pho^^ were crossed with pholpho, 
phol+, or +/+ males. We placed each embryo into one of five phenotypic 
classes, based on the extent of the abnormality of the thoracic denticle 
belts. As described in the Materials and Methods, embryos in class I 
had a normal denticle pattern, class 2 embryos had nearly wild type 
denticles in T2, but a number of largely hooked abdominal denticles in 
T3, class 3 embryos displayed some large hooked denticles in T2 and 
T3, class 4 embryos had some hooked denticles in T2 and a denticle belt 
pattern in T3 nearly identical to Al, and class 5 embryos had T2 and 
T3 denticle belts are nearly completely transformed into Al. In cases 
of thoracic segments with partially missing denticles, the remaining 
denticles were examined to determine the class. When pho"^ is 
paternally introduced, there is an increase in the frequency of class 1 
embryos and a decrease in the frequency of class 3, 4, and 5 embryos 
(Figure 4). Although 36% of embryos produced by females homozygous 
for pho^^ mated to wild type males were class I, over 78% of the 
embryos had abnormal head involution, suggesting that head involution 
is especially sensitive reduction in maternal pho gene product. These 
results indicate that the pho^^ maternal effect survival and 
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segmentation transformation phenotypes can be partially rescued. 
Interaction of pho with other Polycomb Group mutations: 
We examined the interactions of the pAoCv maternal effect with the 
zygotic effects of a number of Pc group mutations by examining the 
phenotypes of embryos homozygous for different Pc group gene 
mutations that had been produced by homozygous pho^^ females mated 
to homozygous pho^^ males. Interactions were examined between 
pAoCv and Pel, Pcf^^, sxc^, esc^, and E(Pc). Adult and embryonic 
phenotypes were examined for all the double mutants. We also 
examined interactions between the zygotic effects of pho and selected 
other Pc group genes by examining the phenotypes of embryos 
homozygous for pho^^ or pho^ (the amorphic allele) that were also 
homozygous for different Pc group gene mutations. 
The interactions between both the zygotic and maternal effect 
pho mutant effects and the effects of Pel were determined. The zygotic 
interactions were documented by observing the adult phenotypes of 
individuals heterozygous for Pc/Wô and homozygous for pho^^ or pho^. 
Individuals heterozygous for fc/W6 and homozygous for pho^'^ die as 
pharate adults at higher temperature (25°C), but are viable and fertile 
at lower temperature (19°C). Individuals heterozygous for fc/Wô and 
homozygous for pho^ die as pharate adults and have quantitatively 
stronger but not qualitatively different transformations than 
individuals heterozygous for Pc/W6 and homozygous for pho^^. To 
document the range and severity of the adult phenotypes we examined 
several adult structures including head, mouth, legs, and abdominal 
FIGURE 4, Rescue oi pho maternal effect: Homeotic transformation of the second and third 
thoracic segments has been examined for quantitative analysis of embryos rescued by 
paternal pho^. Embryos were classified into 5 classes. Class I show a normal denticle 
pattern. Class II show nearly wild type denticles in T2, but moderate number of 
largely hooked abdominal denticles in T3. Class III has embryos displaying some 
largely hooked denticles in T2 and T3. Class IV is defined as having some hooked 
denticles in T2 and nearly A1 denticle belt pattern in T3. In class V, MS and MT 
denticle belts resemble nearly that of the first abdominal segment. When pho"^ is 
paternally introduced, there is an increased frequency of class 1 embryos and a 
decreased one of class III, IV, and V embryos. 
Rescue of pho maternal effect: 
examination of thoracic ventral denticle pattern 
female male 
phocv/+ X phocv^hocv 
phocv^hocv X +/+ 
pho cv/pho cv X pho cv/+ 
phocv/phocv X phocv^hocv 
Class 
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tergites. For the leg transformation, the number of sex combs (SC) was 
counted. The mesothoracic legs of wild type males have an average of 
10-11 sex comb teeth, have transverse row 8 (TR8) bristles in the first 
tarsal segment (Figure 5A), and have five tarsal segments with a claw 
on the fifth tarsal segment. Males heterozygous for fc/Wô only or 
homozygous pho^^ only do not show sex combs and TR8 bristles in the 
second and third legs but males heterozygous for Pc/W6 and 
homozygous for pho^^ showed very strong homeotic transformations of 
the second and third legs, with these legs having almost the same 
number of sex comb teeth as first legs, and with a TR8 as large as that 
of the first leg (Figure 5E, F). Although pho^^ homozygotes show a 
partial transformation of claw to a sixth tarsal segment at 25C, the claw 
is nearly normal in flies reared at 19°C. All six legs of the double 
mutant males have a well developed sixth tarsal segment with no claw 
and with normal bristle polarity at all temperatures (Figure 5D, E, F). 
This type of claw transformation has not been reported for any other Pc 
group gene mutation. These results suggest there is a synergistic 
interaction between the zygotic mutant effects of pho and Pc/ on leg 
transformation. 
An adult phenotypic synergistic interaction was also observed in 
abdominal tergite transformation in these double mutants. In wild type 
flies the abdominal segment A1 has fine bristles and the more posterior 
segments have large bristles. In males the segments A5 and A6 have 
heavily pigmented, dark cuticle, and there are no tergites in the A7 and 
A8 segments, which form the external genital structures. Individuals 
FIGURE 5. Comparison of three legs of wild type (A, B, C) and the 
double mutant of f c//+; pho^^Ipho^^ (D, E, F). A,D - the 
prothoracic (FT) legs; B,E - the mesothoracic (MS) legs; 
C, F - the metathoracic (MT) legs. The FT leg of wild type has 
sex combs (SC) and transverse row 8 (TR8) bristles. These 
structures are present in the MS and MT legs of the double 
mutant, which shows dramatic synergism. All three legs 
display the 6th tarsal segment. 
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Table 1. Interaction of pho with other Polycomb group genes: 
leg transformations 
Genotypes Number of sex combs 1 claw transformation 
prothorecic mesothoracic metathoracic to 6th tarsus 
leg leg leg (25°C) 
wt 10.7 (0.7) 0 0 No 
pho^^lpho^^ 10.5 (1.2) 0 0 Yes 
PcCff^lSMS 10.2 (1.0) 0 0 No 
Pc^lTMl 9.9 (0.9) 0 0 . No 
E(Pc)/SM5 11.1 (1.2) 0 0 No 
E(Pc)ISM5\ pho^^/pho^^ 12.0 (1.4) 6.6 (2.1) 5.8 (2.2) Yes 
PcC^^/SMS; pho^^/pho^^ 11.8 (1.9) 10.4 (2.1) 9.6 (2.3) Yes 
P c ^ l T M l ;  9.5 (2.0) 5.3 (2.4) 3.7 (2.3) Yes 
esc^/sxc^' pho^^Ipho^'^ 10.2 (1.1) ** ** Yes 
1. The sexcombs of left and right of 10 males were counted and averaged. 
The parentheses are standard deviation. 
** extra sex combs were rarely found in some male flies of esc^IGla-,pho^^Ipho^^, 
sxc^lSMS, and esc^lsxc^\pho^^lpho^^ genotypes. 
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heterozygous for Pel or homozygous for pho^^ have a moderate level of 
transformation of A4 to abdominal A5 or A6, indicated by the 
appearance of patches of darkly pigmented cuticle. A higher frequency 
of tergite transformation was observed in the abdominal A4 of flies 
heterozygous for both Pel and pho^^ than for either single mutant. The 
transformation did not affect more anterior abdominal segments. 
However, individuals heterozygous for Pel and also homozygous for 
pho^'^ had all abdominal segments transformed to more posterior 
segments (Figure 6D). These double mutant individuals have large 
bristles characteristic of A2 in segment Al, and patches of darkly 
pigmented cuticle appear in abdominal segments A2, A3, and A4 
suggesting they are transformed into segments A5 or A6. In segments 
A4, A5, and A6 the cuticle is partially or completely reduced, suggesting 
a transformation into abdominal A7 or A8. These double mutant 
individuals also show enhanced homeotic transformation of head 
regions. In the antenna, leg bristles are frequently found and the arista 
is almost completely missing. The proboscis is partially missing and the 
labium is split when the flies are reared at 25°C. The proboscis 
structures that are missing include the maxillary palps, labium, and 
prementum (Figure 7). 
We also examined the embryonic phenotypes produced by 
interaction of the zygotic effects of Pel and the zygotic and maternal 
effects of pho^^. Flies homozygous for Pel and homozygous for pho^'^ 
were collected from homozygous pho^^ females mated to males 
heterozygous for Pel and pho^^ at 19°C. Homozygous pho^'^ embryos 
FIGURE 6. Abdominal cuticles from wild type (A), sxc^/+;pho^^/pho^^ (B), 
enc^lsxc^;pho^^lpho^^(C), Pcl^^l+',pho^^lpho^'^(D). The dark patch of A5/A6 was 
occasionally observed in the A4 tergite of the double mutant flies heterozygous for 
both sxc or esc and pho(B). This homeotic transformation was enhanced in flies of 
encl+\ pholpho, sxcf+-, pholpho, enclsxc; pholpho genotypes whose A3 and A4 
segments are transformed to A5/A6. A6 tergite is often partially missing, indicating 
the transformation of A6 to A7/A8 segment (C). When Pcl/+ was combined with 
pholpho, synergistic interaction was observed. A1 segment has large bristles which 
characteristic of A2. A2 and A3 have dark patch of A5/A6. A4, A5, and A6 cuticles 
are partially or completely missing, indicating the transformation to A7/A8. 
wt 
sxç; ffho 
+ + 
isc; glio 
sxc pho £d; Bbo + pho 
Table 2. Interaction of pho  with other Poly  comb  group genes: 
adult male tergite transformation 
Genotype of males 
examined 
A1 A2 A3 A4 A5 A6 
Pc/W6/ SM5 A5/A6 
(7.9) 
A5 A6 
pho^^ Ipho^^ A5/A6 (88.9) 
AS A7/A8 
pho^^ Ipho^ A5/A6 (100) 
A7/A8 A7/A8 
sxc^lSMS; pho^^/ci^ A5/A6 
«1.0) 
A5 A6 
esc^/SMS; pho^^/ci^ A5/A6 (<1.0) 
A5 A6 
Pcl'^^ISMS; pAocv/c%D A5/A6 
(27.7) 
A5 A6 
sjccl/SM5;pAoCv/p/i0Cv A5/A6 (36.4) 
A5/A6 
(100) 
A7/A8 A7/A8 
esc^lSM5;pho^^lpho^^ A5/A6 (47.7) 
A5/A6 
(100) 
A7/A8 A7/A8 
sxc^ lesc^\pho^^ Ipho^^ A5/A6 (75.9) 
A5/A6 
(100) 
A7/A8 A7/A8 
Pct^^lSM5\pho^^lpho^^ A2 A5/A6 A5/A6 & 
A7/A8 
A5/A6 & 
A7/A8 
A7/A8 A7/A8 
FIGURE 7, Head and mouth structures in wild type (A) and Pcl^^f+i pho^^/pho^^. Wild 
type has three antennal segments (An) and arista (Ar). Proboscis consists of three 
parts: Basiprobosics (BP), Mediproboscis (MP), Distiproboscis (DP), The distiproboscis 
has structures derived from labial disc. Double mutant of Pc/W6/+; pho^^Ipho^^ has 
very short proboscis and labium is split. 
1 1 4  
m 
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produced by heterozygous parents have a normal morphology, and 
homozygous pho^'^ embryos produed by homozygous parents show 
partial homeotic transformations of thoracic segments, of the posterior 
abdominal segments, and abnormal head involution (Figure IB, 8B). 
The embryos homozygous for Pel are embryonic lethal and have the 
posterior abdominal segments transformed into more posterior 
egments, and they have normal head involution (Figure 8C). Embryos 
produced by heterozygous mothers that are homozygous for Pel and 
pho^^ have all abdominal segments nearly completely transformed into 
abdominal segment A8, and have partial transformation of all thoracic 
segments (Figure 8D). These embryos also have weakly affected head 
involution and no segment defects. Mutant embryos homozygous for 
/>c/W6 and pho^ showed a stronger transformation of thoracic segments 
than those homozygous for f c/W6 and pho^^. Embryos homozygous for 
Pel and pAo^v produced by mothers homozygous for pho^^ have all 
thoracic and abdominal segments nearly completely transformed into 
abdominal segment A8 (Figure 8E). In these embryos head involution 
was severely disrupted and large holes were found in the cuticle, 
suggesting abnormal amounts of cell death. In some of these embryos 
extra denticles were observed between the regular denticle belts, and 
the polarity of the patterns of denticles in each belt are not normal. 
Thoracic denticle belts were often missing, whereas abdominal denticle 
belts were nearly always present. 
Embryos heterozygous for Pe^ and homozygous for pho^^ 
produced by heterozygous mothers die as lethal pupa, showing 
FIGURE 8. Darkfield micrographs of embryos. (A) pho zygotic mutant embryo has normal 
embryonic morphology. (B) pho^^ maternal effect embryo show partial homeotic 
transformation. Head involution is abnormal. Thoracic segments are transformed to 
first abdominal segment. A1 to A5 segments are normal, while A6 and A7 segments 
are transformed to A8 segment. Segment defects can be observed (arrow). (C) Pel 
zygotic mutant embryo displays the transformation of posterior abdominal segments 
A6 and A7 to AS segment. (D) zygotic mutant embryo for both Pel and pho shows 
strong transformation of all abdominal segments to A8 segment, but weak 
transformation of thoracic segments. Head involution is partially abnormal. (E) An 
embryo with pho^^ maternal effect that also has a zygotic Pel mutation shows the 
transformation of all ventral denticle belts to A8 segment. Segment defects were 
often observed (arrow). Extradenticles outside normal denticle belt boundary can be 
observed (arrow head) 
#g(Z) #o(M) 
pho pho p 
al 
b 2  • -
Pel: phoiZ) Pel:pho(M) 
Pel pho Pel pho 
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enhanced homeotic transformations of adult structures, more extreme 
transformations than either allele produces in single mutant individuals. 
The second and third legs have extra sex combs with an average of 5.3 
and 3.7 teeth, respectively (Table 1). Males heterozygous for both Pc 
and pAoCv show a transformation of abdominal segment A3 into 
segment A5 or A6 (Table 2). Embryonic phenotypes were also enhanced 
in the double mutant embryos. In the Pc^ mutant embryos all 
abdominal denticle belts are strongly transformed to A8 segment, 
whereas the thoracic segment are only partially transformed to the 
abdominal segments. Embryos doubly mutant for Pc^ and pho^^ have 
all thoracic and abdominal denticles nearly completely transformed to 
abdominal A8. This interaction also indicates that the zygotic p/io^v 
functions during early embryonic development. 
Individuals heterozygous for E(Pc) and homozygous for pho^^ 
produced by heterozygous mothers die as pharate adults, and these 
individuals have extra sex combs on the second and third legs with an 
average 6.6 and 5.8 sex comb teeth, respectively (Table 1). Unlike other 
double mutant strains, males heterozygous for both E(Pc) and pho^^ did 
not have the tergites of abdominal segment A4 transformed. These 
double mutant individuals have normal embryonic denticle morphology, 
but head involution is weakly affected. The head involution phenotype 
is stronger in E(Pc) and pho^ double mutant individuals, although these 
individuals also have normal denticle patterns. 
We observed very different results in double mutant studies of 
pApCV with sxc^ or esc^ than in the three previous studies. The 
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ejc^/Gla; pho^'^tpho^^ double mutant individuals are viable and fertile, 
and males with this genotypes have the tergites of abdominal segments 
A3 and A4 transformed into A5 or A6. The tergites of the abdominal 
segment A3 are partially transformed, showing dark patches of cuticle, 
while abdominal segment A4 had dark patches of cuticle that covered 
almost the entire segment. The tergites of abdominal segment A5 were 
slightly reduced in some flies and the tergites of abdominal segment A6 
males were greatly reduced in most males. These results indicate that 
the tergites in abdominal segments A3, A4, A5, and A6 are transformed 
into more posterior segments (Table 2). Extra sex combs were found in 
the second and third legs of some esc^/Gla; pho^^ Ipho^^ males. A 
striking result was the transformation of tergites in abdominal segment 
A4 into A5 or A6 in esc^l+\ pho^^ /+ males reared up at 25°C, a 
surprising result as esc^ and pho^^ have been shown to be haplo-
sufficient. This indicates that abdominal tergite transformation is 
sensitive to changes of dosage of esc and pho (Table 2). We also 
examined the phenotypes of embryos from esc^/Gla.; pAoCv Ipho^'^ 
parents. The presumptive esc^/esc^', pho^^ Ipho^^ embryos had 
similar transformations as embryos produced by pho^^ 
homozygous parents. The thoracic segments were transformed into first 
abdominal segment and the abdominal A6 and A7 segments were 
transformed into abdominal A8. We compared the frequency of 
segment defects in embryos from esc/Gla', pho^^Ipho^^ parents with 
that of embryos from +/Gla\ pho^^Ipho^^ parents, and did not find 
adifference in frequencies of segment defects. 
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The phenotypes of sxc^\ pho^^ double mutants are very similar 
with those of esc^\ pho^^ double mutants. Flies with a j%cVSM5; pho^^ 
/pAoCv genotype produced by heterozygous parents are viable and 
fertile, and there are no sex combs in the second and third legs of the 
males. The abdominal segments A3, A4, A5, and A6 are transformed to 
more posterior segments (Table 2) and males with a sxc^/+; pho^^ /+ 
genotype also showed the transformation of A4 tergite to A5/A6 with 
low penetrance (Figure 6B). Segment defects of embryos from 
f%cl/SM5; pAoCv /p/tocv parents were much stronger than those of 
embryos from pho^^ Ipho^^ parents. We examined the frequency of 
segment defects of embryos from sxclSM5\ pho^^lpho^^ parents and 
found no difference compared to that of embryos from +ISM5', 
pho^'^Ipho^'^ parents. 
We produced triple mutant sxc^lesc^; pho^^ Ipho^^ individuals 
by crossing j%cl/SA45; pho^^ /ciD to e^c^/Gla; pho^^ /ciD and examined 
the adult transformations. The abdominal segments A3, A4, A5, and 
A6 were transformed to more posterior segments (Figure 6C), and the 
transformation of A3 to A5 or A6 was found in more than 15% of the 
males examined, which is a much higher frequency than that in each 
parental strain. Furthermore, extra sex combs appeared in the second 
and third legs of some males. The sxc or esc mutants seem to function 
as dominants in pho^^ /+ as well as in pho^'^ /pho^^ backgrounds in 
adults. As with embryonic segment transformation, abdominal tergite 
transformation appears to be very sensitive to changes of dosage of fc 
group mutants (Table 2). 
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In all double mutant strains containing pho with Pc, Pel, E(Pc), esc, 
or sxc the transformation of the claw into a 6th tarsal segment was 
more complete than in pho^^ single mutant strains. Bracts were found 
proximal to bristles in all cases, indicating that the 6th tarsal segment 
has normal polarity, and is not a mirror image duplication. This 
transformation of the claw into a 6th tarsal segment has never been 
reported for any other Pc group mutant. The observation that other Pc 
group mutations interact with pho to enhance this effect suggests that 
these other genes may normally function together in the development 
of the distal tarsus. 
Interaction of phjf with eyeless-Dominant (ej'D ); in strains of 
pho^ley^ or p/ioCV/g^D the tergites of the abdominal segment A4 of 
adult males are darkly pigmented, and these patches of darkly 
pigmented cuticle resemble those seen in pho^'^ homozygous males. 
The A4 tergites are more strongly transformed in males with a 
pho^ley^ genotype than in males with a pho^'^ley^ genotype. However, 
pholey^ embryos do not show any embryonic segmental 
transformation or maternal effect pho phenotypes. As ey^ affects the 
head and antennae, we cannot determine whether any of the pho adult 
head phenotypes are present (Poodry and Schneiderman 1976). The 
prothoracic legs of ey^/+ males have 27-48 sex comb teeth, but sex 
combs do not appear on the second or third legs (Stern and Tokunaga 
1967). There are no sex combs on the second and third legs of pho/ey^ 
males, either. Although pholey^ flies do not show the transformation 
of the claw into a sixth tarsal segment at low temperature, pho^ley^ 
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individuals show this phenotype when reared at 25°C. We conclude that 
ey^ has a position effect that is partially suppressing pho. 
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DISCUSSION 
The pho maternal effect has previously been examined by pole 
cell transformation using a null mutant allele (pho^) and a hypomorph 
allele (pho^) (Breen and Duncan 1986). Breen and Duncan observed 
that the maternal effect caused segment defects but the pattern of 
segment defects and segmental transformation could not quantitatively 
be examined. One of the goals of our study using the pho^^ allele, an 
adult viable and fertile allele, was to examine the pho^^ maternal effect, 
and we have observed that this effect produces a number of 
phenotypes. Head involution is abnormal, thoracic segments are 
partially transformed to the first abdominal segment, and abdominal 
segments A6 and A7 are partially transformed to A8 while segments 
A1 to A5 are fairly normal. The central nervous and peripheral 
nervous systems are also affected, showing abnormal development. 
Detailed analyses of these different effects will give important 
information about the role of pho in development, and about the 
function of the Pc group of genes. 
One of very interesting phenotypes seen in pho^^ maternal effect 
embryos is a pattern of segment defects in embryos. This pattern of 
segment defects is consistant at all temperatures, although the 
frequency of affected embryos is higher at 25°C. These defects include 
partial or complete absence of denticle belts, with thoracic segments 
being more strongly affected than abdominal segments. These 
segmentation defects occurred predominantly in the odd numbered 
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segments, although in more severely affected embryos denticle belts of 
T1 through A3 were missing. This pattern of segment defects 
resembles the patterns of effects given by mutations of some of the 
segmentation genes, in particular the gap genes and/or pair-rule genes 
(Nusslein-Volhard and Wieschaus 1980). In a study of embryos 
homozygous for Pel that were derived from maternal germ line clones 
Breen and Duncan (1986) observed segment defects with pair-rule 
pattern, and sxc maternal effect embryos derived by pole cell 
transformation also had segment defects (Ingham 1984). Segment 
defects were also found in zygotic mutant embryos of See (Adler et al. 
1991) and Axd (Sinclair et al. 1991). The segment defect phenotype is 
enhanced in double mutant individuals by Pse and See, and these 
individuals show a pair-rule pattern of defects (Adler et al. 1991). 
Unlike the segment defect pattern we observe in p&ocv maternal effect 
embryos, the Pel, Axd, and Pse and See double mutant individuals 
showed segment defects predominantly in even numbered abdominal 
segments. These observations indicate that patterned segment defects 
are produced by mutations of Pe group genes. This suggests that Pe 
group gene functions may be involved in the segmentation process as 
well as in maintaining the expression of en and the homeotic genes. As 
Pel, See, Axd, and Pse mutants show the same pair-rule pattern of 
defects, which is enhanced in double mutant Pse and See individuals, 
these genes may be involved in the same segmentation pathway. By 
this logic, pho would appear to affect a different set of segmentation 
genes from Pel, See, Axd, and Pse because the segment defects produced 
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by pAoCv maternal effects occur predominantly in odd numbered 
segments. 
The pho^^ maternal effects were significantly rescued by a 
paternally provided pho+ allele. Mating homozygous females with wild 
type males increased the frequency of survival of embryos to larvae 
(Girton and Jeon 1993), and reduced the extent of the homeotic 
transformations in the progeny. Some of the rescued embryos survived 
to the adult stage and some of these male survivors showed 
transformation of abdominal segment A4 to A5 or A6. This indicates 
that the maternal effects of pho^^ can last through embryonic and 
larval development and influence adult development. We note that 
unlike the imaginai discs, the histoblasts that give rise to the tergites in 
the adult do not undergo mitotic division during the larval period, and 
only begin to divide after pupariation, which may make them more 
suceptible to maternal effects. These results suggest that maternally 
produced pho products function in all developmental stages, and that 
zygotic and maternal pho gene products have similar functions, as 
though both contribute to a single pool of gene product. In embryos that 
have a partial maternal deficiency of pho product (offspring of 
homozygous pho^^ females) the zygotic gene action may partially 
replenish the pho pool, enough to occasionally allow survival, although 
levels do not completely recover. In normal development the gradual 
production of pho product by zygotic genes would replace the pho 
product that is gradually deleted. Maternal pho products are required 
for normal early embryonic development, and zygotic genes, even when 
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they begin to function in the embryo cannot produce enough product to 
counter a serious maternal deficiency. The fact that embryos 
homozygous for pho^^ with normal maternal products have normal 
embryonic morphology supports this. However, the finding that 
combinations of zygotic pho mutations with mutations of other 
Poly comb group genes enhances the homeotic transformation suggests 
that the pho zygotic genes do function in early embryonic development. 
The Pc group genes must play an important role in the early 
events of embryogenesis because several examples of Pc group gene 
mutations that produce segment defects have been found. It is not 
clear whether the differences between genes such as pho, esc, sxc, and 
others with a strong maternal effect, whose product is initially supplied 
to the embryo as a maternal product, and genes such as Pc, Pel, or Psc, 
whose mutations have strong zygotic effects, reflects a difference in the 
molecular roles of these gene products, or a difference in the stage of 
development at which the major production of the gene product 
normally occurs. 
In adult development we note that the interactions of Pc, Pel, E(Pc), 
esc, sxc, and pho suggest that all of these genes normally play a role in 
the development of the claw and the distal tarsus. Because all of these 
mutations interact to enhance the appearance of the sixth segment, the 
logical conclusion is that the action of all of these genes is normally 
involved in forming the claw by preventing the formation of a 6th 
tarsal segment. We don't know if the appearance of the sixth segment 
in pho or double mutant individuals reflects a removal of suppression, a 
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direct action of the Pc group, or perhaps a change in the normal 
positional information system in the disc. These result do suggest that 
there are additional genes involved in leg development that have not 
been identified. 
It has been proposed that Pc group proteins act in multimeric 
complexes to stably repress genes like the homeotic regulators (Franke 
et al. 1992; Rastelli et al. 1993). This model for Pc group gene action is 
supported by several genetic, immunochemical, and biochemical studies. 
For example, Pc group mutants share many phenotypes and show the 
synergistic interactions seen in many double or triple mutant 
individuals (Duncan and Lewis 1982; Jurgens 1985; Breen and Duncan 
1986; Adler et al. 1991). Many Pc group mutants show the ectopic 
expression of the homeotic genes and en (McKeon and Brock 1991; 
Simon et al. 1992; Moazed and O'Farrell 1992). A direct evidence is that 
the product of the Pc and ph genes interact to form a physical complex 
(Franke et al. 1992). The Pc group complex seems to be unstable in a Pc 
group mutant (Rastelli). Additional supportive evidence comes from a 
Tupl-Ssnô complex in yeast (Keleher et al. 1992; Vershon and Johnson 
1993). Tupl forms a complex with the yeast Ssn6 that locates DNA 
binding proteins to form a complex that has specific affinity for 
repression of the yeast mating type locus. So the binding specificity 
comes from the complex, but not from individual members. The esc 
gene has been found to have sequence homology to the Tupl gene in 
yeast (Johnson, personal communication). If the Pc group genes act in 
an analogous manner to the repression of the yeast mating type locus 
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then a complex of Pc group gene products would be assembled at 
different target sites with a different specificity even though the 
binding of individual members to the chromosomal sites may be weak 
and non-specific. 
The results of our study of the maternal effect allele pho^^, suggest 
that p/io+protein forms a complex with other Pc group proteins. First, 
pho interacts with several other Pc group genes. Although pho zygotic 
mutants alone give normal embryonic morphology, the zygotic alleles of 
pho are active in early embryogenesis, becaue pho interacts with 
dominant mutants of Pc group genes during embryogenesis. These 
interactions are very sensitive to changes of dosage of Pel and pho. The 
homeotic transformation enhanced by the doubly zygotic mutant was 
increased in the background of pho^^ maternal effect. Dose-dependent 
transformation has also been observed in adult tergite transformation. 
When the amount of both pho and Pel proteins are reduced to a certain 
level, new phenotypes emerge. Because pho interacts with Pc and E(Pc) 
at embryonic and adult stages, pho might form a multimeric complex 
with these and other Pc group gene products. This complex must 
function in adult as well as in embryonic development. However, not all 
Pc group genes show the same pattern of interaction with pho, 
suggesting that the composition of this complex may change. We 
observe that pho maternal effect and zygotic mutants do not interact 
with zygotic esc or sxe mutations during embryogenesis, but clearly do 
so during postembryonic development. Zygotic esc or sxe mutations are 
not haplo-sufficient in zygotic pho mutants. Non-interaction at the 
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embryonic stage may be due to the amount of esc or sxc produced 
maternally, or it is possible that the role and composition of the complex 
changes. It is possible that the wide range of interactions and 
enhancements reflects changes in the threshold requirement for this 
complex that result from changes in the composition of the complex that 
occur when the concentration of the products of different individuals 
members of the Pc group vary. These different levels of threshold 
could be generated at the various steps of complex formation or of the 
binding of the complex to target DNA seqeunces. 
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ABSTRACT 
Maternal expression of the pho gene is required for proper formation as 
well as determination of embryonic segments in Drosophila 
melanogaster. When maternal and zygotic pho"^ activity is eliminated or 
reduced by pho mutations, the mutant embryos have segment defects 
as well as partial homeotic transformations. Segment defects occur 
predominantly in the mesothoracic and in the odd numbered abdominal 
segments, but in some embryos contiguous groups of thoracic and 
abdominal segments are missing or defective. These patterns of 
denticle defects have not been reported for mutations of other 
Polycomb {Pc) group genes. Genetic and immunocytochemical studies 
suggest that pho does not strongly interact with the genes of the 
Antennapedia (ANT-C) or the Bithorax (BX-C) complexes during 
embryogenesis, but that the homeotic transformations caused by pho 
mutations are sensitive to changes in the dose of the BX-C genes in 
adults. Unlike mutations of other Pc group mutants, pho maternal effect 
mutations alter the early expression of engrailed {en). The expression 
of en in even numbered segments is reduced or eliminated and en 
expression in the ventral side of the embryo is often missing. In 
addition some embryos are missing en expression in contiguous groups 
of thoracic and abdominal segments, and others have mirror-
symmetrical patterns of en staining. The pattern of ftz gene expression 
is also abnormal in pho maternal effect mutant embryos. The pho 
maternal effect phenotypes include abnormal gastrulation, the pattern 
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of missing denticles that resembles that given by mutations of gap 
genes, and the abnormal patterns of en that resemble those given by 
gap gene mutations or by mutations of maternal polarity genes. These 
results suggest that pho maternal effect mutations may affect genes 
that act early in the segmentation process. We conclude that pho has a 
broad role in development as well as in regulating the expression of the 
BX-C and ANT-C genes. 
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INTRODUCTION 
The specification of body pattern in Drosophila has been well 
investigated in a number of elaborate genetic and molecular studies 
(reviewed by Akam 1987; Ingham 1988; St. Johnson and Nusslein-
Volhard 1992). Several group of genes are involved in determination of 
cell types and the organization of these cells into the embryonic body 
pattern. These genes consist of three classes, arranged in a genetic 
hierarchy: (1) the maternal coordinate genes, (2) the segmentation 
genes, and (3) the homeotic genes. Maternal coordinate genes are active 
during oogenesis, and .they produce positional information gradients in 
the egg that specify two embryonic axes, the anterior-posterior (A/P) 
and the dorsal-ventral (D/V). The segmentation genes are composed of 
three subgroups including the gap genes, the pair-rule genes, and the 
segment polarity genes. The gap genes organize the embryos into three 
primordial domains by their position specific action, domains whose 
locations are determined by the positional gradients produced by the 
maternal coordinate genes. The information inherent in these domains 
results in position-specific regulation of the pair-rule genes which 
divide the embryo into fifteen parasegments. The segment polarity 
genes subdivide the parasegment into an anterior and a posterior 
compartment (Nusslein-Volhard and Wieschaus 1980; Nusslein-Volhard 
et al. 1987). The action of the genes in each class occurs as a cascade of 
dependent events and taken together they specify the proper number 
and location of segments in the Drosophila body. This system of 
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positional information regulated gene actions produces a position 
specific expression of the homeotic genes of the Antennapedia and 
Bithorax complexes, and the products of these genes determine the 
identity of the cells in each of the each individual segments by 
activating appropriate realisator (or effector) genes (Garcia Bellido 
1977; Lewis 1978). 
Soon after the genes of the ANT-C and BX-C are expressed, the 
spatially ordered patterns of early gene action disappear, yet 
maintained spatial patterns of ANT-C and BX-C gene action are essential 
for maintaining the proper identities of the different segments of the 
developing body (Lewis 1978; Kaufman et al. 1980; Duncan and Lewis 
1982; Struhl and Akam 1985; Wedeen et al. 1986). Experimentally 
induced ectopic expression or lack of function of the homeotic genes has 
been shown to cause homeotic transformation, so the question of how 
these patterns of expression are maintained is an important question 
(McGinnis and Krumlauf 1992). A few groups of genes including other 
homeotic loci have been known to be involved in the maintenance of 
spatial regulation of homeotic genes. These include other homeotic loci 
(Hafen et al. 1984; Struhl and White 1985), the trx group of genes 
(Kennison 1993), and the Polycomb {Pc) group of genes (Lewis 1978; 
Duncan and Lewis 1982; Jurgens 1985), The Pc group genes are thought 
to repress the expression of the ANT-C and BX-C genes outside their 
normal domains because mutations of several of the Pc group genes 
produce segmental transformations that resemble gain of function/ 
ectopic expression mutations of ANT-C and/or BX-C genes (Lewis 1978; 
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Jurgens 1985). The name of this group of genes came from one of the 
many phenotypes that all mutant alleles of the Pc group genes produce, 
the presence of sex combs on the second and third legs of adult males 
(Jurgens 1985). Although genetic studies suggest that there may be as 
many as 40 different Pc group genes, although only twelve members 
have been studied, incuding Pc (Lewis 1978; Duncan and Lewis 1982), 
Polycomblike (Pel) (Duncan 1982), Additional sex combs (Asx) (Jurgens 
1985; Sinclair et al. 1992), Posterior sex combs (Psc) (Jurgens 1985; 
Adler et al. 1991), Super sex combs {sxc) (Ingham 1984), Sex combs on 
midleg (Scm) (Jurgens 1985), extra sex combs {esc) (Struhl 1981; Struhl 
and Akam 1985), polyhomeotic (ph) (Dura et al. 1985), Sex comb extra 
(See) (Breen and Duncan 1986), polycombeotic (pco) (Phillips and 
Shearn 1990) (also called E(Z), Jones and Gelbart 1990), pleiohomeotic 
(pho) (Hochman et al. 1964; Gehring 1970; Girton and Jeon 1993), and 
based on the phenotypes, extradenticles (exd) (Wieschaus et al. 1984; 
Peifer and Wieschaus 1990). 
The role of Pc group genes in maintaining the expressed pattern of 
homeotic genes was demonstrated in a study of a maternal effect 
mutation of esc. This mutation did not change the initial spatial pattern 
of expression of Ubx, but caused ectopic expression outside of the 
normal domains of Ubx expression after mid-embryogenesis (Struhl and 
Akam 1985). The effect of other Pc group genes on the pattern of 
homeotic gene expression has been examined using antibodies specific 
for the products of Scr,Antp, and Ubx (McKeon and Brock 1991), and 
abd-A and Abd-B (Simon et al. 1992). Most of Pc group mutants 
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showed the ectopic expression of the homeotic genes, but no effect on 
early expression of them. Pc group genes also appear to function to 
maintain the pattern of en expression (Moazed and O'Farrell 1992). The 
Pc group genes appear to have a global role in maintaining the 
expression of the homeotic genes. In spite of this common role, each Pc 
group gene appears to have a different role in development. Mutations 
in ph gene cause degeneration of ventral epidermis and abnormal 
growth of axons (Dura et al. 1987; Smouse et al. 1988). pho is required 
for the normal development of the nervous system (Girton and Jeon 
1993). Embryos with a sxc. Pel', See-, Axd', or pho' genotype 
produced by homozygous mutant mothers have segmentation defects 
(Ingham 1984; Breen and Duncan 1986; Adler et al. 1991; Sinclair et al. 
1992; Jeon and Girton 1993). Except for Axd, all of these segment 
defects are produced by maternal effect mutations. 
Having a maternal effect is one of the common phenotypes of f c 
group mutants (Denell 1982; Struhl 1981; Breen and Duncan 1986), and 
the maternal products of Pc group genes seem to be important for 
several roles in development. So far, the maternal effects of only two of 
the twelve Pc group genes (eac and E(z)) have been examined. Although 
esc has a very strong maternal effect, its function seems to be limited to 
maintaining the expressed pattern of the homeotic genes (Struhl 1981; 
Struhl and Akam 1985; Glicksman and Brower 1990). However, lack of 
maternal E(z) function blocks cell proliferation and disrupts 
chromosome organization, suggesting that E(Z) appears to have a general 
role in development (Phillips and Shearn 1990; Jones and Gelbart 1990). 
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If the maternal effects of many of the Pc group genes can be 
investigated, we will better understand the roles of the different Pc 
group genes in development as well as the common role of the group in 
maintaining the expressed pattern of the homeotic genes. Taking 
advantage of a recently isolated viable and fertile pho allele, pho^^, we 
were able to characterize the maternal effect of pho by examining the 
phenotypes of embryos produced by females homozygous for pho^^. 
Our study of the pho maternal effect revealed novel embryonic 
phenotypes not reported for other Pc group mutants. 
In this paper we have investigated the interactions between pho and 
the homeotic genes through genetic and immunochemical studies. In 
pAoCV maternal effect embryos, Ubx seems to be only weakly 
ectopically expressed, and other homeotic genes have normal or nearly 
normal expression patterns. Our study did not reveal any dramatic 
interactions. However, our results suggest that pho functions in the 
establishment of segmentation. We observe that the pho^'^ maternal 
effect often produces segmentation defects, that it alters the en stripe 
pattern at a very early stage of development and that it alters the 
expression of the pair-rule gene ftz. Our studies also suggest that pho 
may affect even more upstream genes in the segmentation pathway. We 
conclude that pho has a broad role in development as well as in 
regulating the spatial expression of the BX-C and ANT-C genes. 
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RESULTS 
Embryos from homozygous pho^^ parents have segment defects as well 
as segmental transformations 
The reduction in the level of maternal and zygotic pho product in the 
offspring of females homozygous for pho^^ causes segmental 
transformations in embryos (Fig. IB). The ventral cuticle of the thoracic 
segments in these embryos resembles that of abdominal segment A1 
(first abdominal), and abdominal segments A6 and A7 resemble A8. 
These determinations are based on the changes of arrangements of 
denticles in the segment and the presence of sense organs specific to A8 
or more posterior segments. Head involution is very abnormal in all 
embryos and in some embryos the pharyngeal skeleton is severely 
disrupted and/or the maxillary sense organs are duplicated. The dorsal 
side of the embryonic thoracic segments have complicated 
transformations. The posterior half of the first thoracic segment (Tl), 
which in wild type embryos is covered with naked cuticle, in pho^^ 
embryos has many fine hairs, indicating that Tl has been transformed 
into a more posterior segment. However, the posterior halves of the T2 
and T3 segments, which in wild type embryos are densely covered with 
dorsal hairs, are only partially covered with hairs in pAoCv embryos, 
indicating that T2 and T3 are partially transformed to Tl. In the 
abdominal segments A6 and A7 the dorsal surface contain several sense 
organs that normally appear only in segment A8. 
FIGURE 1. Light micrographs showing the ventral aspects of wild type (A) and pho^^/pho^'^ 
embryos (B, C, D). Embryos were mounted in 1:1 Hoyer's medium and lactic acid and 
cleared at 65°C. (A), wild type first instar larva. The ventral cuticle pattern is 
characterized by three thoracic and eight abdominal denticle belts that mark the 
anterior margins of each segment. Each segment has a morphologically unique pattern 
of denticles and sensory organs. (B). The pho maternal effect embryo has severely 
affected head, partial transformation of thoracic segments to the abdominal segment 
Al, partial transformation of abdominal segments A6 and A7 to A8, The segments A6 
and Al also display some sensory organs (SO) characteristic of A8. Partial or complete 
segment defects are seen in Tl, T2, Al, and A7 segments. (C). Segment defects occur 
predominantly in T2 and odd number of abdominal segments. (D). Magnification of 
head and anterior segments showing large holes, indicating cell death. The denticle 
belts in segments Tl to Al are almost gone. 
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Embryos produced by homozygous p&ocv parents also show a 
striking, pair-rule pattern of segment defects (Fig. IC). Defining a 
segment defect as a partial or complete lack of denticles in the segment, 
segment defects in these embryos appear predominantly in the 
mesothoracic and odd numbered abdominal segments. This is the same 
pattern as seen in mutants of pair-rule genes, such as the odd-skipped 
{odd) mutation (Nusslein-Volhard and Wieschaus 1980). The frequency 
of segment defects is affected by temperature and about three to five 
percent of the embryos reared at 25°C have this pattern of segment 
defects. The denticle belts in the remaining segments were sometimes 
fused with each other and sometimes entire denticle belts had a 
reversed polarity. In a few cases denticles were found outside of the 
boundary of the main denticle belt. In severely affected embryos the 
thoracic segments are more strongly affected than the abdominal 
segments, and in extreme cases the denticle belts disappeared in 
several adjacent segments, a pattern of defects seen in embryos with 
mutations in the gap genes (Fig. ID). 
In addition to these patterns of defects in segments or missing 
segments, some embryos were found to have other types of distorted 
overall body development. Some embryos had a twisted, screw-shaped 
segmentation pattern, reminiscent of the pattern produced by 
mutations of the corkscrew gene (Fig. 2B). These embryos did not 
appear to die early in the segmentation process, because analysis of 
expression patterns of en indicate that en expression was reasonably 
normal within the segments of these embryos (Fig. 6D). In some 
FIGURE 2. Scanning electron micrographs showing the segmentation 
of wild type (A) and pho embryos (B, C, D), Except for (C), 
anterior is left and dorsal is up. (A). The wild type shows well 
developed body segments. Several head structures are labeled: 
Cl-clypeolabrum, Hy-hypopharynx, La- labium, Mn-mandible, 
Mx-maxilla, Pt-prothorax. (B). Segmentation is very abnormal 
and partially screw-twisted. (C). Ventral closure and 
segmentation are abnormal. Anterior is left and ventral is top. 
(D). An individual later in embryonic development showing 
some large, partially fused segments. Abnormal ventral 
closure is also observed. X260. 
ï .  
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embryos ventral closure is abnormal, and a large groove can be seen in 
the ventral side of the embryo (Fig. 2C). This phenotype suggests that 
the gastrulation process seems to be affected by the pho^^ maternal 
effect mutation. In some embryos the pattern of segmentation was 
changed by the fusion of segments, resulting in a pattern of fewer but 
larger segments (Fig. 2D). In some cases more than one of these 
abnormal patterns could be seen in a single embryo. 
Homeotic genes are expressed in normal patterns in most pho^^ mutant 
embryos 
To examine the genetic interaction of pho^^ with homeotic genes, we 
generated double mutant strains containing pho^^ and also one of 
several different homeotic mutations including i'crW 17 and An/pWlO of 
the Antennapedia complex (Wakimotc) and Kaufman 1981), and three 
bithorax complex mutants, Ubx^ (Bender et al. 1983), and Abd-B^^'^ 
(Celniker et al. 1990). All of these homeotic mutant alleles are null or 
nearly null. Fortunately flies heterozygous for homeotic genes and 
homozygous for pho^^ are viable and fertile. Using these strains we 
were able to generate embryos that were homozygous for pAoCv that 
are produced by homozygous pho^'^ females that are also homozygous 
for the homeotic mutations. We examined their embryos to determine 
the phenotypic effects of these homeotic mutations in a background of 
partial zygotic and maternal removal oi pho. In an embryo mutant for 
Ubx, T3 and A1 are transformed into T2 (Fig. 3E). In double mutants of 
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Ubx and seems to be epistatic to pAoCv (pig. 3F), because T3 
and A1 have very fine denticles, a Ubx phenotype, and large denticles 
were not found in T2, T3, or A1 segments. Head involution is very 
abnormal and T1 is partially transformed to more posterior segments, 
which are p/io^v phenotypes. Epistasis is also shown in Abd-B\ pho^^ 
double mutants because segments A6, A7, and A8 seems to be 
transformed to segment A5 (Fig. 3H). However, additive phenotypes 
were observed in double mutants of Scr,pho^'^, and Antp\pho^'^. In Scr 
mutant embryos segment T1 is transformed into T2 (Fig. 3A), however, 
the T1 of Scr\pho^^ double mutant embryos has even finer denticles 
than the T1 of pho^^ single mutants, indicating that segment T1 has 
been transformed into T2 (Fig, 3B). In these double mutant embryos 
most of the head strutures are gone. The double mutant embryos seem 
to have more extreme phenotypes than embryos with single mutants 
but the pattern of homeotic transformation did not change. Large 
hooked denticles are seen in segments T2 and T3, which is a pho^^ 
phenotype. It was not easy to examine the phenotypes of Antp\pho^^ 
double mutants because T2 and T3 denticles in double mutant embryos 
did not have the same shape of transformation as seen in Antp mutant 
embryos. This might be due to the completely opposite direction of 
transformations of these two mutations. The Antp mutation causes the 
transformation of T2 and T3 to T1 (Fig. 3C). A key to deciphering the 
transformation of these double mutants was the finding of small 
patches of denticles with a normal appearance in the mid-ventral region 
of Tl. Partial patches of denticles were found in the T2 segment of 
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double mutant embryos, indicating the transformation of T2 and T3 to 
T1 (Fig. 3D). In embryos of Scr,pho^^ and Antp\pho^'^, the A1 segment 
shows partial lack of denticles, which is observed in pAoCv single 
mutant embryos. 
In addition to the double mutant studies we used antibodies to 
homeotic gene products to determine the effect of pho mutations on the 
expression of homeotic genes. We examined the effects of pho on the 
expression of Antennapedia (Antp; Carroll et al. 1986; Kaufman et al. 
1990), Sex comb reduced {Scr\ Kaufman et al. 1990), Ultrabithorax {Ubx\ 
Beachy et al. 1985; Carroll et al. 1988), abdominal-A iabd-A\ Karch et al. 
1990), and Abdominal-B (Abd-B: Celniker et al. 1989). In embryos with 
a relatively normal pattern of segmentation we determined the location 
of the antibody binding relative to the pattern of segmentation. In 
embryos with extensive segmentation defects the location of antibody 
staining was defined with relation to the total body. In wild type 
embryos the Antp protein is detected in the epidermis in parasegments 
4 and 5 (PS4-5), and in the central nervous system Antp is strongest in 
PS4-5 and detectable in PS3-13. Most of the pho embryos produced by 
homozygous pho^'^ parents showed this same pattern of Antp 
expression, although the CNS is abnormal in p&ocv embryos (Fig. 4E). 
Ectopic expression of Antp protein was observed in only a few cells of a 
few pAoCv embryos. The pattern of expression of abd-A in pAoCV 
embryos was also normal. Although p&ocv embryos show strong 
segment defects, the abd-A expression is limited to the same region of 
the embryo in which expression is seen in wild type embryos, and there 
FIGURE 3. Interaction of pho^^ with the ANT-C and BX-C genes. The homozygous single 
mutant embryos of Scr (A), Antp (C), Ubx (E), Abd-B (G). The homozygous double 
mutant embryos of Scr;pho (B), Antp;pho (D), Ubx;pho (F), and Abd-B; pho (H). Scr 
mutant causes the transformaion of T1 to T2. As in Scr single mutants, the denticle 
belt in T1 is the same in Scr;pho double mutant although head involution is strongly 
affected (B). As pho^^ strongly affects head involution it is hard to decide if the head 
abnormalities are enhanced by double mutant of Scr;pho. The Antp mutation causes 
the transformation of T2 and T3 to Tl. In Antp;pho double mutants, the pattern of 
transformation of T2 and T3 appears to be same as that of Antp single mutant 
because a second patch of wild type cuticle characteristic of Tl is present in the T2 of 
the double mutant (D: arrow), although the severity of the transformation is reduced. 
The Ubx mutant causes the transformaion of T3 and A1 to T2. This pattern is seen in 
the double mutant, Ubx', pho. The Abd-B denticle pattern is also the same in the 
double mutant of Abd-B;pho. 

FIGURE 4. The expression of the homeotic genes in wild type (A,B,C, 
D) and pho^^ maternal effect embryos (E,F,G,H). (A) and (E); 
Antp', B and F: Ubx', C and 0: abd-A\ D and H: Abd-B expression. 
In wild type embryos the anterior boundary of each homeotic 
gene expression is parasegment 3 (PS3) for Antp, PS5 for Ubx, 
PS7 for abd-A, PSIO for Abd-B. Antp and abd-A are not 
ectopically expressed although the nervous system and 
segmentation are very abnormal (E,G). However, Ubx appears 
to be ectopically expressed in PS3 and 4 (F). In some embryos 
Ubx was expressed in a few cells in the head region. Although 
Abd-B is expressed in a few cells of epidermis of some 
embryos anterior to its normal boundary, most pho embryos 
had a normal expression pattern of Abd-B in the epidermis, 
while the viserai mesoderm sKbwed ectopic expression in many 
embryos (H). 
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clearly are no large regions of ectopic expression (Fig. 4G). This result is 
consistent with the pattern of cuticular denticle belts in these embryos. 
In pho embryos the denticle patterns are normal in abdominal 
segments A1 to A5, although some of these segments are occasionally 
missing. 
The pattern of expression of the Ubx protein in pho^'^ embryos 
was different from that in wild type embryos. The Ubx protein was 
extopically expressed in PS 3 and 4, and showed enhanced expression in 
PS5 (Fig. 4F). Although Ubx did not show large regions of ectopic 
expression in the head in most pho embryos, there were a few small, 
labeled spots. The Abd-B protein is very weakly ectopically expressed 
in the epidermis anterior to the normal anterior boundary of the Abd-B 
domain (Fig. 4H). However, Abd-B showed strong ectopic expression in 
the visceral mesoderm of many pho embryos. The ectopic expression of 
Ubx and Abd-B might explain the homeotic transformations of thoracic 
segments and the posterior abdominal segments in pho^^ embryos, 
although the effect of the removal of both maternal and zygotic pho 
product on the expression of Antp, Ubx, abd-A, and Abd-B is not strong 
compared to the extent and severity of the segment defects. 
Genetic and molecular tests suggested that pho does not 
dramatically interact with homeotic genes during embryogenesis. To 
see whether pho interacts with the homeotic genes during adult 
development, we examined the transformation of tergites in adult males 
containing extra copies of bithorax complex genes. When three copies of 
the bithorax complex were introduced in a pho^^ mutant background, in 
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adult males the tergites of the abdominal segments A3 and A4 were 
transformed to AS or A6 and the A6 tergite was greatly reduced, 
indicating that abdominal segment A6 had been partially transformed 
into A7 or A8. Individuals that are mutant for pho with a normal 
bithorax complex have the abdominal segments A4 transformed into A5 
or A6 and segment A6 transformed into A7 or A8. The change in the 
dose of bithorax complex clearly enhanced the homeotic transformation. 
When three copies of Ubx and abd-A, and two copies of Abd-B were 
present the enhancement was maximized. In the abdominal segments 
A2, A3, and A4 the tergites were transformed to A5 or A6, and A5 and 
A6 were transformed to A7 or A8 (Fig. 5C). It is interesting that this 
enhancement is stronger in individuals with three copies of Ubx and 
abd-A, and two copies of Abd-B than in individuals with three copies of 
all bithorax complex genes. This observation is consistent with the 
observation made in double mutant studies that males of Abd-B /+; 
Ipho^^ genotype showed a stronger tergite transformation (A3 
and A4 transformed to A5 orA6) than males with a +/+; pho^^Ipho^^ 
genotype. Any embryos produced by parents with these genotypes did 
not have enhanced homeotic transformation. The maternal effects of 
the p&ocv allele indicate that this gene produces a great deal of 
maternal gene product, and the fact that mutant embryos homozygous 
for a null allele of pho produced by heterozygous mothers do not show 
any abnormal morphology suggest that this maternal product is 
sufficient, without any zygotic gene activity, to produce a normal 
embryo. However, as development procédés the maternally produced 
FIGURE 5. Abdominal cuticle from wild type (A), pho^^Ipho^^ (B), and Abd-
BIDp(3:3)P5\pho^^Ipho^^dAxAl males. Note in (B) the fourth tergite (A4) shows some 
dark patches, indicating the partial transformation of A4 to A5 or A6. A6 is partially 
missing, indicating the partial transformaion of segment A6 to A7 or A8. This weak 
transformation is greatly enhanced in individuals with altered doses of genes of the 
BX-C. Dp(d:3)P5 is a duplication of the entire BX-C complex. In males with a 
Abd-BIDp(3:3)P5, pho^^lpho^^ genotype, tergites in segments A2, A3, and A4 are 
transformed to A5 or A6. In segments A5 and A6 the tergites are transformed to A7 
or A8. 
wt gho 
pho 
Abd-B: pho 
DP(3;3)P5 pho 
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pho products are deleted and the level of pho product drops without 
zygotic pho gene action causing the visible homeotic transformations in 
pho mutant adults. 
pAoCv maternal effects cause spatial disruption of the expression of the 
engrailed (en) gene which is one of segment polarity genes 
As pho causes segment defects, it is reasonable to ask whether 
pho affects any of the segmentation genes that act "upstream" of the 
homeotic genes in the segmentation pathway. A good candidate is en, 
because of the regular pattern of expression of en in the germ band 
(DiNardo et al. 1985). 
In wild type embryos at the end of segment determination the en 
gene is expressed only in the posterior compartment of each segment, 
but not in the anterior compartment, en expression undergoes multiple 
modes of regulation during development. Once the initial expression of 
en gene is induced by the pair-rule genes, its continuous expression is 
required to maintain the lineage boundary that defines the anterior and 
posterior compartments (Morata and Lawrence 1975; Heemskerk et al. 
1991). Two pathways are responsible for this maintenance: wg 
dependent cell-cell communication and then autoregulation (Heemskerk 
et al. 1991). We first asked whether the maternal effect of the p/io^v 
mutant derepresses the inhibition of en expression after mid-
embryogenesis. The expression of en was examined in embryos 
produced by females homozygous for pho^^ using antibodies to the 
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invected and en proteins (Patel et al. 1989). In these embryos the 
bands of antibody staining remained localized to the posterior 
compartments, and large, broad patches of staining were not observed. 
This suggests that the p/io^v maternal effect mutant does not cause 
ectopic expression of en. This is quite different from other mutations of 
Pc group genes. Most single Pc group mutants show en ectopic 
expression, and in individuals with double and triple mutants the 
ectopic expression is enhanced (Moazed and O'Farrell 1992). Although 
en was not ectopically expressed, the pattern of its expression was not 
normal. In embryos with an abnormal segmentation pattern the stripes 
of en activity showed different patterns that reflected the body 
segmentation pattern. For example, some embryos showed a screw-
shaped body pattern, and within this a fairly normal expression of en, 
with the stripes of en confined to the posterior region of each segment 
(Fig. 6D). In some embryos with fused or missing segments the stripes 
of en expression fused, or even appeared to cross, especially in the 
anterior regions of the embryo (Fig. 6E). Each of these en stripes retains 
the appearance of a typical, two to three cell wide, en stripe, even in 
stripes that cross. Analysis of the pattern of these en stripes can be 
done to determine the alteration in segment patterning in the embryo. 
For example, some embryos appear to have a pair-rule pattern (Fig. 6F). 
Lack of en expression can be observed laterally (Fig. 6F), but 
predominantly in the ventral side. Ventral side is more sensitive to the 
stripe defect effect than the dorsal side. Fig. 6G shows very sharp 
boundary of en expression in the ventral side. These patterns of en 
FIGURE 6. en expression in wild type (A, B, C) and maternai 
mutant embryos (D, E, F, G) at mid-embryogenesis and later 
stages. In ail embryos anterior is left. (A, D): stage 11, side 
view. (B, E): stage 11, top view. (C, F): stage 14, side view, and 
dorsal is up, (G): embryo obtained between 10 and 14 hr 
culture, and top view. Screw-shaped embryos are sometimes 
found and show stripes of g» expression, and these stripes 
have a normal size and location within the segment. The 
overall pattern is altered as some stripes are crossed or deleted 
(D). Crossing stripes are frequently found in the anterior of 
pAoCV embryos (E). One of the strong pho^^ phenotypes is a 
pair-rule pattern of stripe defects (F), and no en expression 
laterally (F,G: arrow) or in the ventral region (G). 
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expression indicate that the pho^^ maternal effect alters segmentation, 
but also suggest that it may not be doing so by causing ectopic 
expression of en, and that the pho^^ effects are different from those of 
other Pc group genes (Moazed and O'Farrell 1992). 
We then asked whether the initial expression of en is affected by 
the pho^^ maternal effect. In wild type embryos en expression begins 
with a pair-rule pattern at the beginning of gastrulation (DiNardo et al. 
1985), and the even numbered stripes are more strongly stained than 
the odd-numbered stripes (Fig. Ik). This pair-rule pattern later 
switches to the characteristic 14 stripe pattern. In embryos produced 
by homozygous pho^^ females, the earliest pattern of en expression was 
altered, something which has not been reported for other Pc group 
mutants. In some embryos, the initial alternative expression 
pattern disappeared (Fig. 7B). In other pho^^ embryos some of the en 
stripes are fused or deleted (Fig. 7D). Stripe defects again appear 
predominantly in even numbered stripes, and the ventral side of the 
embryos often lack en expression (Fig. 7E). In addition to this abnormal 
pattern of en expression, we found that some individuals had a gap 
gene pattern and a few embryos had a mirror-symmetrical pattern 
reminescent of the maternal effect genes. 
The pho^^ mutant causes abnormal expression of ftz and other 
upstream genes 
The pair-rule pattern of en expression in pho^^ maternal effect 
FIGURE 7. en expression at early stages of wild type (A: st.7; C:st.8) 
and pAoCV maternai effect mutant embryos (B: st.7; D and E: 
st.8). In wild type embryos en begins to be expressed 
alternatively with srong signals in even-numbered stripes (A). 
pho^^ maternal effect mutant embryos do not have this 
alternative pattern of en expression. Stripe defects (arrow) 
and the absence of g» signal in the ventral side are also 
observed in pho^^ maternal effect embryos at the beginning of 
germ band extension (D, E). Even-numbered stripes seems to 
be more freqeuntly defective (arrows). 
1 6 8  
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embryos suggests that the maternal effect of pho^^ affects the 
expression of segmentation genes earlier from en in the segmentation 
pathway. To test this we examined the expression patterns of ftz. Lack 
of ftz causes segment defects predominantly in the mesothorax and the 
odd numbered abdominal segments (Struhl 1985), and the even-
numbered en stripes require the expression of ftz (Ingham et al. 1988). 
A ftzllacZ hybrid line was used to test the effects of pAoCv and pho^ on 
ftz expression. The embryos produced by this hybrid line express the 
hybrid gene in a normal ftz expression pattern (Hiromi and Gehring 
1987). In our experiments embryos were stained using antibodies to 
beta-galactosidase, to mark the location of expression of the hybrid 
gene. Strains of double mutant flies heterozygous for ftzllacZ and 
homozygous for pho^^ were generated and their embryos were 
collected at room temperature. The expression of ftz begins at the 
blastoderm stage with a pattern of seven stripes, and during 
neurogenesis this pattern is switched to a segmentally repeated pattern 
in the neuronal cells, and this ftz expression is autoregulated (Hiromi 
and Gehring 1987). In embryos produced by females homozygous for 
pho^'^ the expression of ftz was abnormal, and many embryos show 
missing or greatly reduced stripes. Although when many embryos are 
examined, cases can be found in which any given ftz stripe is affected, 
the anterior stripes were more frequently affected (Fig. 8B,C). This 
abnormal expression of ftz may in part explain the pattern of segment 
defects and the changes in the en stripe pattern. In a final examination 
of the effects of the pho^^ maternal effect on early developmental 
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effects embryos produced by homozygous pho^^ females were collected 
in timed egg collection batches and were examined at the cell 
blastoderm stage to determine whether they undergo normal 
cellularization. We found that many of these pho mutant embryos have 
abnormal cellularization (Fig. 9B). 
FIGURE 8. Expression of the fusion gene ftzflacZ in embryos with a 
wild type (A) or a pho^^ maternal effect mutant background 
(B, C). Whole-mount embryos were stained for beta-
galactosidase activity at the germ band extension stage, ftz 
expression is clearly affected by the pho maternal effect 
mutation. Although all stripes are sensitive, anterior stripes 
are more frequently affected. 
1 7 2  
FIGURE 9. Embryos showing cellularization in wild type (A) and 
pAoCv (B). Many pho maternal effect mutants cause abnormal 
cellularization. 
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DISCUSSION 
Mutations of pho cause homeotic transformations similar to those of 
other Pc group mutations and also cause segment defects with pair-rule 
patterns 
Mutations of pho share some phenotypes that are similar to those 
produced by mutations of other Pc group genes, specifically homeotic 
transformations of embryonic body segments and adult structures 
(Lewis 1978; Sthrul 1981; Jurgens 1985). Mutations of pho also 
produce some unique homeotic phenotypes, including the 
transformation of thoracic segments to A1 but not to more posterior 
segments, and transformation of the claws of all six adult legs into sixth 
tarsal segments. These homeotic transformations are generally partial 
transformations or transformations of only portions of a segment or 
compartment. This is especially true for the pho^^ allele that when 
acting in the zygotic genome (ie in phocv/p/j^cv individuals produced 
by pho^^l+ mothers) produces only weak homeotic transformation 
phenotypes (Girton and Jeon 1993). The partial nature of these 
transformations is not due to the analysis of hypomorphic alleles, 
because similar partial transformations were observed in pole cell 
transformation studies in which the amorphic allele pho^ was used 
(Breen and Duncan 1986). Additional evidence for this comes from our 
observation that the transformation of the abdominal segments seen in 
the embryos produced by pho^^Ipho^^ females was limited to the 
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posterior segments (A6 and A7 were transformed to A8) and this same 
pattern was observed in the offspring of pho^^lpho^ females. The 
further reduction in maternal product in these latter embryos did not 
result in transformations of more anterior abdominal segments. The 
observation that embryonic head development is strongly affected, 
even in individuals in which thoracic or abdominal segments are not 
strongly affected suggests that different regions of the body have 
different degrees of sensitivity to reduction in maternal and/or zygotic 
levels of pho function. Taken together, these phenotypic analyses 
suggest that the normal product of pho, produced by maternal genes or 
zygotic genes, shares a common role played by several other Pc group 
genes, which is the negative regulation of several different homeotic 
genes. 
In addition to homeotic transformations, one of the striking 
phenotypes produced by the maternal effects of the pho^^ allele is the 
appearance of segment defects, and the predominance of these defects 
in the mesothorax and in odd numbered abdominal segments. Although 
the thoracic segment had the highest frequency of defects, many 
embryos had only three to five denticle belts, and these were arranged 
in a pair-rule pattern, similar to that produced by mutations of pair rule 
genes. Some of the other Pc group genes have been reported to produce 
segment defects, including maternal effects of Pel (Breen and Duncan 
1986) and sxc (Ingham 1984) and zygotic effects of Axd (Adler et al. 
1991). This is the first report of patterned segment defects caused by 
pho mutations and the first report of an odd skipped-like pattern of 
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segmental defects caused by a mutations of a Pc group gene. The 
segmental defect phenotype does not block or alter the segmental 
homeotic transformation phenotype. Although the abdominal segment 
A1 is often completely missing in pho^^ maternal effect embryos, 
thoracic transformations to A1 are still seen, indicating that the 
embryos have not lost the information necessary to form an Al, but 
instead that the segment pattern has been altered. These results 
suggest that pho may have a somewhat different role in the 
segmentation process from other Pc group genes. 
pho alleles do not have dramatic interactions with the ANTC and BXC 
genes 
The embryonic homeotic transformation and segmental defect 
phenotypes of pho mutations suggest that the pho maternal effect, and 
to a lesser extent the zygotic function somehow regulate the expression 
of several homeotic genes during embryonic development. A key 
question about these effects is whether they are caused by the ectopic 
expression of homeotic genes in pho mutant embryos, similar to the 
ectopic expression seen in mutations of other Pc group genes (Struhl 
and Akam 1985; McKeon and Brock 1991; Simon et al. 1992). In our 
analyses the pattern of expression of Antp and Abd-A genes were 
nearly normal in pho^^ maternal effect embryos, although the overall 
body pattern was altered by segment defects. The boundaries of Antp 
and abd-A expression are PS3 and PS7, respectively (Carroll et al. 1986; 
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Karch et al. 1990; McKeon and Brock 1991; Simon et al. 1992) and these 
were well maintained in pho^^ maternal effect embryos, well beyond 
the stage where ectopic expression is produced by mutations of other Pc 
group genes. In wild type embryos the normal anterior boundary of 
Ubx expression is PS5 (Beachy et al. 1985; McKeon and Brock 1991) and 
in pAoCV maternal effect embryos Ubx shows ectopic expression in PS3 
and PS4, its expression is enhanced in PS5, and in some pho^^ embryos 
a few cells in the head region were labeled by a UBX antibody. This 
may explain why only partial transformations of the thoracic segments 
to first abdominal were seen in pho^^ embryos. The expression of Abd-
B is altered in pho embryos, with ectopic expression appearing in more 
anterior parasegments, although this expression is limited to a few cells. 
This may explain why only weak homeotic transformations of A6 and 
A7 to A8 are observed. These results suggest that ectopic expression of 
some of the homeotic genes does occur in pho embryos, but that the 
extent of this expression is limited, and it is not the massive ectopic 
expression in more anterior segments produced by mutations of other 
Pc group genes. 
Genetic analyses suggest that pho does not have a major interaction 
with ANTC or BXC genes. Double mutants of Scr or Antp and pho^^ had 
the same pattern of homeotic transformations seen in Scr or Antp single 
mutant individuals. The T1 of Scr-, pApCv double mutant larvae did 
have finer denticles than the Scr single mutant larvae, which may be 
due to fact that both Scr and pho transform this segment in the same 
direction. In Antp\ pho^^ double mutant embryos the transformation of 
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T2 and T3 by Antp is reduced by the pho^^ maternal effect posterior 
transformation of T2 and T3, Segmental transformation appears to be 
additive in Scr or Antp and pho double mutants and the 
transformations of Ubx and Abd-B appear to be epistatic to pApCv 
because the double mutant individuals showed only the Ubx and Abd-B 
phenotypes. We conclude that the effect of pho on the homeotic genes 
of the ANTC and BXC may account for the mild homeotic 
transformations produced by pho in the embryo, but that it cannot 
account for the other phenotypic effects. 
The pAoCV mutation affects the spatial expression of en and ftz proteins 
The pAoCv maternal effect mutation does not cause ectopic 
expression of en. This is quite different from other mutations of Pc 
group genes. Most single Pc group mutants show ectopic expression, 
and double and triple mutant individuals have enhanced ectopic 
expression (Moazed and O'Farrell 1992). This suggests that several Pc 
group proteins may interact to regulate the spatial expression of en as 
well as the homeotic genes. If pho is involved in this interaction then 
we might expect to see an enhancement of the ectopic expression oï en 
caused by other Pc group mutants in double mutants of pho. We found 
that although en was not ectopically expressed, its pattern of its 
expression was quite abnormal. Within each segment en expression 
was confined to a narrow stripe of cells, 2-3 cells wide, as it is in wild 
type embryos. No broad regions of en expression in an inappropriate 
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place appeared. However, the en stripes showed altered patterns. Some 
stripes crossed each other in the anterior of the embryo, and some 
stripes were missing. Stripe defects with a pair-rule pattern were 
frequently observed in pho mutants. The ventral side of the embryo 
has a higher frequency of stripe defects than dorsal side. This suggests 
that pho may regulate the spatial pattern of expression of en after mid-
embryogenesis, although it does not directly act as a negative regulator 
of en expression. This may be different in other Pc group genes 
(Moazed and O'Farrell 1992). We believe that in pho mutant embryos, 
the observed segment defects are not caused by ectopic expression of 
en. 
These results led us to examine the early embryonic expression of 
en. Surprisingly, in maternal effect pho embryos en expression is 
abnormal at the very earliest stages of its expression. At the earliest 
stages of en expression, the normal alternative expression pattern 
disappears, and the stripe defects that are observed occur in even 
numbered stripes, which is clearly a pair-rule pattern. This 
abnormality has never been reported for other Pc group mutants. It 
seems again that the pho maternal effect segment defects may not be 
due to failure of autoregulation oi en (Heemskerk et al. 1991). 
Abnormal segmentation appears not to be mediated by abnormal 
expression of wg because the pattern of missing stripes is quite 
different from the wingless mutant pattern (Heemskerk et al. 1991). 
Our observed pair-rule pattern of segment defects indicates that en 
pattern abnormality must be from the effects oî pho on earlier 
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segmentation gene(s). The pattern of defects seen in pho mutant 
embryos, segment defects predominantly in odd numbered abdominal 
segments and en stripe defects mainly in even numbered stripes, 
resemble the phenotypes caused by mutations in the ftz gene. Analysis 
of & ftz-lacZ\ pho strain indicates that/>/io maternal effect mutations 
suppress expression of ftz, supporting the hypothesis that pho may be 
acting on ftz, and this may account for the pho effect on segmentation. 
Some embryos had individual segment defects, others had defects in 
a pair-rule pattern, others had a gap gene pattern, and a few 
individuals had a mirror-symmetrical pattern reminescent of the 
maternal polarity establishing genes. Ventral closure was also 
abnormal, indicating that pho maternal effects affect gastrulation, and 
analysis of cell blastoderm stage embryos suggest pho mutations 
disturb normal cellularization. Any model of Pc group function must be 
able to explain this broad range of maternal effect phenotypes. 
What is the role of the products of the Pc group genes in development? 
It has been proposed that the Pc group gene products form a 
multimeric complex that regulates homeotic gene activity by binding to 
specific chromosomal sites (Franke et al. 1992; Rastelli et al. 1993). Our 
studies of the maternal and zygotic effects of pho suggest that the 
product of the pho locus participates in such complexes and that these 
complexes can act as an activator or a repressor of many different 
homeotic and segmentation genes. This model for Pc group gene action 
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is supported by several different pieces of evidence. Genetic evidence 
for coordinate action of many Pc group genes includes the common 
phenotypes that many Pc gene mutations produce and the synergistic 
interactions seen in many double or triple mutant individuals (Jurgens 
1985; Adler et al. 1991; Jeon and Girton 1993). Physical evidence 
includes the observation that the products of the Pc and ph genes 
interact to form a physical complex and that these two gene products 
bind to many similar sites on the polytene chromosomes (Franke et al. 
1992). In addition the esc gene has been found to have sequence 
homology to the Tupl gene in yeast (Johnson, personal communication). 
The Tupl gene product forms a complex with the product of the yeast 
Ssn6 gene that interact with DNA binding proteins to form a complex 
that has specific affinity for a regulatory region of the yeast mating 
type locus. The complex has a high specific affinity for the binding site 
although each individual member of the complex does not. The 
formation of the yeast complex appears to occur sequentially, which 
may allow for greater specificity (Keleher et al. 1992; Vershon and 
Johnson 1993). If the Pc group genes function in an analogous manner 
to the yeast genes then a complex of Pc group gene products would be 
assembled at different chromosomal sites even though the individual 
members of the complex may not have a strong affinity for the site. 
The complex could contain a large number of different Pc gene products, 
and the number and composition of the complex could vary specifically 
from site to site, body region to body region, or developmental stage to 
developmental stage. Variations in the composition of the complex 
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could determine whether the complex functioned as an activator or 
repressor of any given gene. 
This model of Pc group gene action has several attractive features. 
It can explain the wide variety of phenotypes produced by fc gene 
mutations, as the result of the mutations affecting many different 
complexes regulating different genes at different locations and times. 
The complex synergistic interactions and phenotypic similarities of 
many Pc mutations would reflect the common participation of different 
Pc gene products in many different complexes. The differences in total 
phenotypic effects of individual Pc group gene mutations would reflect 
the fact that each gene paticipates in a unique set of complexes. In the 
case of pho, our studies of pho mutant effects suggests that the Pc 
complexes are formed early in embryonic development, and that they 
are active in regulating the activity of the segmentation genes during 
the formation of the pattern of segmentation, and that they continue to 
function to regulate the homeotic genes and also many other genes 
during embryonic and adult development. The pho maternal and 
zygotic effects suggest that the maternal and zygotic pho gene products 
may serve interchangeably in some regulatory complexes. To 
determine whether this or any other model of Pc group gene action is 
correct will require the identification of the other members of the Pc 
group gene, and the analysis of their maternal and zygotic action, and of 
their interaction with the other members of the Pc group genes. 
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MATERIALS AND METHODS 
Fly culture, strains, and crosses 
All Drosophila stocks were maintained at 19°C on a standard 
medium containing a standard cornmeal/yeast medium seeded with 
live yeast. The wild type strains used were from an Oregon-R line. 
Tegosept and Acid "A", a mixture of propionic acid and phosphoric acic 
in water, were added to the medium to suppress mold growth. All 
crosses were performed at 21C. All mutant alleles and balancer 
chromosomes are described in Lindsley and Grell (1968) and Lindsley 
and Zimm (1992). The pho alleles {pho^, pho^'^) were maintained in 
balanced stocks with fourth chromosomes marked with ey^ or c/D. The 
pho mutations were originally discovered as fourth chromosome 
recessive lethals, with a lethal period late in pupal development 
(Hochman et al. 1964). A hypermorphic pho^^ allele was recovered in a 
large scale, mass mating of pho^h females (Girton and Jeon 1993). 
p&ocv is viable and fertile, and gives maternal effect mutant 
phenotypes. The Antennapedia complex mutants used, and 
Antp^^^ (Wakimoto and Kaufman 1981) were obtained from Ian 
Duncan. The bithorax complex alleles used, Ubx^ (Bender et al. 1983) 
and Abd-B^^^ (DeLorenzi and Bienz 1990), were obtained from the 
Indiana Stock Center. 
ftz expression in pho maternal effect embryos was examined 
using ftzUacZ hybride line, B-13-4ITM3 lacZ ftz (Hiromi and Gehring 
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1987), which expresses betagalactosidase in the wild type pattern of ftz 
expression in embryos. This strain was obtained from Linda Ambrosio 
and was used to construct a ftz/lacZ \pho^^ strain. 
Preparations of embryonic and adult cuticle 
Eggs were collected at intervals of 6 toi 2 hr at the appropriate 
temperature and incubated for an additional 20 to 24 hr at 25 °C. 
Embryos showing the formation of a pharyngeal skeleton were collected 
and transferred to double-sided cellophane tape for manual 
dechorionation. Embryos were then devitellized in a 1 to 1 mixture of 
Hoyer's mounting media and lactic acid (Girton and Jeon 1993), placed 
under a glass cover slip, and incubated for 6-12 hrs at 60®C. Embryos 
were examined under phase contrast using a Zeiss microscope. For 
adult cuticle preparation experimental individuals were collected as 
pharate adults or eclosed adults and preserved in 70% ethanol. 
Individuals were cooked in boiling IN KOH for 5 minutes to remove 
internal body parts, cleaned in 70% for several hours then dehydrated 
in 100% ethanol. Cuticular parts, including heads, legs, and abdomens 
were dissected, were mounted between glass coverslips in euparol, and 
flattened on a heated-warming tray under weights. 
Immunochemistry 
Antibodies to Antp were obtained from Tom Kaufman. Ubx 
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antibody was obtained from Javier Lopez, abd-A antibodies from Ian 
Duncan, Abd-B antibodies from Susan Celniker, and enlinvected 
antibodies from Charles Girdham in Patrick O'Farrell's Lab. Because of 
the high frequency of unfertilized eggs (>80%), several days were 
needed to collect enough embryos for each experiment. Embryo 
preparation and antibody staining was done according to the protocol of 
Roth berg et al. (1988). Binding of the primary antibodies was detected 
using horseradish peroxidase-labelled secondary antibodies (Cappel). 
Embryos were mounted in methyl salicylate and viewed using a Zeiss 
axioskop microscope with Nomarski optics. 
Scanning Electron Microscopy (SEM) 
SEM was used to observe segment defects and abnormal 
development of pho embryos. Embryos were prepared according to the 
protocol of Turner and Mahowald (1976, 197?) with some 
modifications. Embryos were collected, dechorionated, fixed, and 
devitellinized the same as embryos prepared for immunocytochemical 
work. Devitellinized embryos were rinsed three times with methanol 
and rinsed three times for 5 min each in PT (IX PBS + 0.1% Triton X-
100) and 0.2% BSA. Embryos were then postfixed in 1% OgO^ for 30 
min at RT, and were serially dehydrated in 50%, 70%, 75%, 80%, 90/5, 
95%, and then 3X in 100% ethanol. Embryos were critical point dried 
from 100% ethanol in CO2, mounted on double-stick tape on brass discs 
and sputter coated in a Polaron E5100 Sputter Coater with 
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platinum/palladium target (60:40). Embryos were viewed under a JEOL 
JSM-35 Scanning Electron Microscope. The SEM and photographic 
prodecures were done by Dr. Bruce Wagner of the Bessy Microscopy 
Facility at Iowa State University. 
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INTRODUCTION 
In Drosophila, there are two main reasons for mutagenesis: First, it 
is used to find a new mutant or new alleles of a existing mutant to 
better understand the functions of the gene. Ethyl methane sulfonate 
(EMS) is the most frequently used chemical mutagen. Second, it is used 
to tag a gene using transposable elements to clone the gene. Although 
there are many transposible elements, P-element mutagenesis is well 
established. EMS and P-element mutagenesis were both used to 
discover new alleles of pho, and both will be briefly discussed. 
(1) Hybrid dysgenesis screen for pho alleles 
P elements are a family of mobile genetic elements found in 
Drosophila melanogaster. P elements have been shown to be 
responsible for the phenomenon of P-M hybrid dysgenesis, whose 
effects include high rates of sterility, mutation, and chromosomal 
rearrangements (Spradling and Rubin, 1982; for review see Engels, 
1983). P elements are of particular interest because their mobility is 
both genetically regulated and tissue-specific. Hybrid dysgenesis 
happens in the progeny of a cross between P-strain males and M-
strain females. Dysgenesis results from the simultaneous transposition 
of a large number of P elements which occurs in the embryos of this 
cross. The P-elements become active because the cytoplasm provided 
by the M female does not contain the P repressor that limits P 
transposition in P strains. This syndrome does not occur in the 
reciprocal cross, a P x P cross or an M x M cross. 
199 
(2) EMS mutagenesis 
The alkylating agent, ethyl methane sulfonate (EMS), is the most 
frequently used chemical mutagen in Drosophila genetics. It is 
remarkably mutagenic when fed to adult Drosophila males (Alderson 
1965). Although it causes chromosomal rearrangements, it generally 
induces point mutations. An advantage of this mutagenesis is that 5-
10% of the mutations induced by treatment with EMS are temperature 
sensitive. As EMS causes a very high frequency of recessive lethal 
mutations (0.025M EMS- 30% sex-linked and 60% autochromosome 
recessive lethal mutations), the linked, but undesirable mutations 
should be removed (Grigliatti 1986). Both P element and EMS 
mutagenesis were used to try to induce new mutant alleles of pho. The 
goal was to discover whether such mutations had the same phenotype 
as existing pho mutations and also, more importantly, to tag the locus 
for future cloning. 
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MATERIALS AND METHODS 
(1) P-element mutagenesis 
Birm2; ry506 and ry506 p[ry+ '^2-3](99B) (abbreviated as P(99B)) 
were used as stocks for P element mutagenesis. The ry506 ;p[ry+ ^^2-3] 
(99B) strain has just one copy of a P element in the genome, located in 
the third chromosome, and this element has been modified (Laski et al., 
1986). This modification includes the removal of the intron between 
the open reading frame 2 and 3, which causes the element to produce 
transposase both germinally and somatically. The Birmingham-2 strain 
behaves like an M strain although it bears numerous P elements. The 
second chromosome has 17 defective elements that produce neither 
transposase nor repressor, but that can respond to transposase (Engels 
et al, 1987). P element mutagenesis using these stocks is described in 
Robertson et al. (1988). 
The mutagenesis was carried out by crossing the two strains to 
create a hybrid dysgenic first generation within which the P(99B) was 
producing transposase and the elements in the Birm2 were transposing. 
These first generation flies were then crossed to ci^Jey^. Mutations 
were screened using the interation of pho with ey^ in the second 
generation. During mutagenesis, the presence of P elements was 
checked. The crosses used are diagrammed in a separate sheet (Fig. 1). 
(2) EMS mutagenesis 
The alkylating agent, ethyl methane sulfonate (EMS), causes 
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mutations when fed to adult Drosophila. It was used to induce 
mutations throughout the genome of the males with the hopes of 
isolating a mutation in the pleiohomeotic locus on the 4th chromosome. 
The following procedure is generally described by Lewis and Bacher 
(1968). Freshly emerged wild type males (0 to 12 hours after 
emergence) were isolated and starved for several hours. A single 
Kleenex was crumpled and pressed to the bottom of a 1/2 pint culture 
bottle and soaked in a EMS-sucrose solution, and then the bottle was 
tightly stoppered with a disposable cotton plug. The males were 
allowed to feed on the EMS-sucrose solution for 24 hours in a fume 
hood at room temperature. The males were then transferred from the 
bottle containing mutagen to a bottle with fresh food for several hours. 
All mutagen was deactivated in a solution of 4 grams (g) of NaOH 
dissolved in 100 milliliter (ml) H20 and 0.5 ml of thioglycolic acid 
(mercaptoacetic acid) for approximately 12 hours. Groups of 20 to 25 
treated males were mated to 50 ey^/ci^ aged virgin females. The 
crosses were held at 25°C and the parents were subcultured three times 
for 3 days and then discarded. The subculture bottles were held at 21 °C 
for 17 days and the progeny were screened. The potential mutants 
were recovered from the G1 screen by detecting their interaction with 
ey^. These crosses are diagrammed in a separate sheet (Fig. 2). 
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RESULTS AND DISCUSSION 
(1) P-element mutagenesis 
Initial dysgenic crosses produced no, or very few, males when the 
crosses were done at 25°C because almost all of the dysgenic flies died 
during development. To reduce the lethality dysgenesis was performed 
at 19°C, and at this lower temperature numerous dysgenic males were 
recovered. These dysgenic males were crossed, as described in the 
Materials and Methods, and a total of 21,257 flies were counted. From 
the previous work, we know that ey^ interacts with pho alleles, such 
that individuals heterozygous for ey^ and pho have the fourth tergite 
(A4) transformed to A5 or A6. This interaction was used to isolate new 
Pc group mutants by generating individuals heterozygous for newly 
mutagenized chromosomes and ey^. 
A total of 121 chromosomes that produced a transformation 
phenotype with ey^ were obtained in the 21,257 flies that were 
screened. These 121 potential mutants were tested again and strains 
showing a constant transformation were maintained and a series of 
mapping crosses were done to determine the locations of any new 
mutations that were found. Five lethal lines were obtained, and all of 
the mutations were localized to the second chromosome. None of these 
mutations produced the sex combs on the second and third legs 
phenotypes characteristic of mutations of Pc group genes, nor did 
embryos from the 5 lethal lines display homeotic transformations of 
embryonic segments. These 5 lines were also tested by 
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complementation to determine whether they were alleles at one of the 
known Pc group loci. The second chromosome contains extra sex combs 
(ejc), super sex combs {sxc), Polycomblike {Pel), Additional sex combs 
(Asx), and Posterior sex combs (JPsc). The five new mutations all 
complemented the mutant alleles of all of these Pc group gene 
mutations. We conclude that these five mutations are not alleles of pho 
nor are they alleles of known Pc group genes. 
(2) EMS Mutagenesis 
A total of 86 potential mutants were recovered out of a total of 
21,227 EMS treated chromosomes that were screened for interactions 
with ey^ or the presence of a dominant transformation of A4 tergite to 
A5 or A6 tergite phenotype. One new pho allele was recovered. This 
this new allele, named as H34, also fails to complement ci^, so this is 
either a multiple mutant or a mutant generated by chromosome 
rearrangement. One additional mutation on the fourth chromsome was 
recovered, which is an embryonic lethal that fails to complement ci^, 
but does complement pho. It appears to be a new recessive lethal 
mutant in the fourth chromosome. 
In addition to the new allele of pho, a new mutant was discovered 
that produces homeotic transformations in embryos and adults, and it 
was named Cll. The original male fly recovered after EMS treatment 
was and it showed the transformation of the tergite in A4 into A5 
or A6, so it was originally speculated that Cll could be a dominant pho 
allele or a mutation that interacts with ci^, or a completely different 
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mutation. Mapping demonstrated that Cll was a new mutation located 
on the third chromosome. Embryos homozygous for Cll have abnormal 
head involution, partial transformation of thoracic segments to 
abdominal segments, transformation of abdominal segments A6 and A7 
to A8, and transformation of A8 to more posterior segments (Fig. 3). 
These are all mutant phenotypes characteristic of Pc group mutants. 
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CONCLUSIONS 
Mutagenesis scheme seems to be working because we got a new pho 
allele using the EMS mutagen. If ey^ interacts with other Pc group 
genes, it could be used to search for unkown Pc group members 
depending on the dosage interaction. In order to tag pho using P-
elements, local jumping using a modified single P-element system 
should be useful because it is more effective (Zhang and Spradling 
1993). In this system disgenic females are recovered and crossed to 
screen mutants because P-element jumping in females is more locally 
limited than in males. 
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Go 
en masse 
(18C) 
Birm2: x 
Birm2 ry506 
wafag;ry506p[i.y+A2.3](99B) 
wafag;ry506p[ry+A2.3](99B) 
G1 (Dys) 
en masse 
Birm2: i:y506p[ry+A2-3](99B) X ry506; phpb 
ry 506 py506" gyD 
02 (1) screen the new mutation based on the interaction of pho 
with ey^, which gives the pho^'^ homozygous phenotypes. 
(2) also screen any viable (pho*)lpho^ males showing pho 
phenotypes. 
G3 
singly 
(Birm2'): iy506 ; (pho*") 
ry 506 ey D 
X ry506 ; phob 
ry506 cjD 
(Birm2V. ry506 ; fpho*^ 
+ ry506 pho'' 
X ry506 ; pho^ 
ry '  /506 qiD 
(Birm2^: ry.506 ; (pho*) 
ry 506 ci D 
FIGURE 1. P element mutagenesis of the pho locus using P(99B) and 
Birm2. 
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EMS 
I 
Go +/+ X ci^ley^ 
G1 */e3>D or */c/^ X pho^lci^ or pho^ley^ 
FIGURE 2. Diagram showing screening mutants induced by EMS. When 
potential mutants fail to complement pho, their chromosomes were 
cleaned by outcrosses. When potential mutants complemented pho, but 
still showed dominant_ phenotype, they were balanced by each 
chromosome specific balancers. 
FIGURE 3. Light micrographs showing the ventral aspects of a new 
mutant. The head involution is abnormal. Thoracic denticle 
belts have large hooked denticles, indicating the transformation 
of thoracic segments to abdominal segments. The abdominal 
segments are very gradually transformed to more posterior 
segments. A8 denticle belt is only about half normal size. 
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GENERAL SUMMARY AND CONCLUSIONS 
The goal of this work was to characterize the effects of loss of 
function mutations of the pho gene on development, and to deduce from 
the phenotypes produced by these mutations what the possible role of 
the pho gene in Drosophila development might be. One of the key 
questions addressed was whether pho has just a conventional role in 
regulating the spatial expression of the ANT-C and BX-C genes or 
whether it has a broad general role in Drosophila development. We 
were able to answer this question by investigating a new pho allele, 
pho^^. 
The hypomorphic, adult viable pho^^ allele produces maternal 
effect embryonic lethality, and the lethal embryos show a wide range of 
developmental abnormalities. These include homeotic transformations 
of the head, thoracic, and abdominal segments. Many of the embryos 
show a striking segment defect phenotype, with defects predominantly 
occurring in the mesothoracic segment and in odd numbered abdominal 
segments, a pattern that has never been reported for any other 
mutations of Pc group genes. These embryos also have abnormal 
development of the central and peripheral nervous systems. Some of 
these maternal effects can be partially rescued by paternal pho"^ 
product. In particular, the frequency of embryo survival to the larval 
stage is increased and the severity of segmental homeotic 
transformation in embryos is decreased when the embryo contains a 
pho"^ allele introduced by the father. Adults homozygous for pho^^ also 
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show a wide range of homeotic transformations. These include the 
partial transformation of the proximal segment of the antenna into the 
proximal segment of the mesothoracic leg, the partial transformation of 
the abdominal segment A4 into more posterior segments, and the 
transformation of the claw organ in the distal leg into a sixth tarsal 
segment, a transformation that has not been reported for any other 
mutation. 
The maternal effect phenotypes of pho^^ and the partial paternal 
rescue suggest that the regulatory action of pho on target genes could 
be met entirely by maternal products before zygotic gene expression 
begins, and that the Pc maternal products might be gradually replaced 
by zygotic products as development proceeds. 
As seen in the mutations of other Pc group genes, pho also 
synergistically interacts with other Pc group genes, pho interacts with 
Pc, Pel, E(Pc), esc, and 5JCC. In these interaction studies a synergistic 
interaction was observed in adults as well as -in embryos, an interaction 
not previously reported for Pc group genes. In adults, the interaction 
increases the severity of the pho transformations. The head is very 
abnormal and the proboscis is almost completely missing in Pel', pho^ 
double mutants. The legs, claws, and abdominal tergites are strongly 
transformed. In embryos with a Pc or Pel and pho double mutant 
genotype, embryonic denticles are strongly transformed to the eighth 
abdominal segment. These homeotic transformation are very sensitive 
to change of dosages of Pc group genes, especially to zygotic vs maternal 
changes in pho. These changes in segmental transformation may result 
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from an alteration of the level of the threshold for action of a Pc group 
gene multimeric product caused by improper expression of Pc group 
genes. 
The pho adult and embryonic phenotypes, and strong enhancement 
of homeotic transformation suggest that pho apparently regulates the 
expression of the ANT-C and BX-C genes. The interaction of pho with 
the homeotic genes was both molecularly and genetically investigated. 
Unlike other Pc group genes, pho does not cause a dramatic ectopic 
expression of Antp, Ubx, Abd-A, Abd-B, or en, but frequently en stripes 
were defective, and lack of en expression often occurred in the ventral 
side. Surprisingly, pho affects early expression of en, which is 
completely different from other Pc group genes, en stripe defects were 
also observed at early stage of embryonic development. We conclude 
that the abnormal expression of ftz is in part responsible for abnormal 
expression of en. SEM, embryonic denticle pattern, the gap gene, and 
even mirror image pattern of en staining suggest that pho may affect 
even more upstream genes. We conclude that pho has a broad role in 
development as well as in regulating the expression of the BX-C and 
ANT-C genes. 
We do not exclude the possibility that pho mutant suppression of ftz 
could be a secondary effect of abnormal expression of the gap genes, 
even skipped (eve), runt, or hairy (Carroll and Scott 1986). Our finding 
that pAoCV causes gap gene patterns of segment defects, even though 
they are rarely found, also supports the necessity of examining of the 
gap gene expression in pho^^ maternal effect mutants. Segment defects 
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in pho maternal effect mutant resemble those of ftz or odd skipped 
gene (odd) (Nusslein-Volhard and Wieschaus 1980). So it will be 
necessary to examine the expression of the odd gene in pho^'^ mutants 
to better understand the role of pho. 
It has been proposed that the Pc group gene products form a 
multimeric complex that regulates homeotic gene activity by binding to 
specific chromosomal sites. This model should explain how numerous 
functions of Pc group genes are regulated by this complex. We propose 
a model that the Pc protein complex may be at equilibrium. Mutations 
of any of Pc group genes, whose product is in the complex, may alter the 
equilibrium (or threshold) level of the complex, and as a result, alter the 
functional specificity of the complex. 
The big questions about the Pc group protein complex are when the 
complex forms, how the complex finds the numerous target sites, and if 
this complex may function in a general role in Drosophila development. 
In order to address these questions, more Pc group members, whose 
existance has been predicted by genetic analysis, should be identified 
and all Pc group genes should be cloned for molecular and biochemical 
studies. As the members of the trx group suppress the Pc group mutant 
phenotypes, it will also be very interesting to examine physical 
interaction of their gene products with Pc group products by molecular 
and biochemical techniques to understand the spatial regulation of 
target genes, especially the homeotic genes. 
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